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Abstract

Constructed wetlands (CWSs) are being introduced in many parts of the world to treat wastewater.
CWs offer several advantages over conventional treatment, most notably to save costs and
energy. By contrast there are several limitations associated with the use of CWs, such as
variability and unpredictability in treatment performance. However the literature focuses largely
on the advantages of the CWs with little attention being given to the limitations and impacts on
the receiving environment. In South Africa, there are a few studies concerned with the
application and performance of CWs, but as yet there are no guidelines for the design and
construction of these systems. The aim of this research is to determine the performance of three
CWs situated on the periphery of Cape Town, Western Cape, with the intention of contributing
to knowledge on the South African CWs performance in general. The research interest was to
purposely shift attention to an analysis of the performance of CW systems that could be
measured in-situ as opposed to laboratory-based studies where certain variables could be
contained or controlled. In this study the focus is on determining the impact that these systems
might have on the surrounding environment by analysing the impact from these CWs on
surrounding or receiving water bodies. Samples of influent and effluent were collected from
various points within the CW and from the surrounding water bodies every two weeks during the
winter season when biological activity is least productive. Performance was determined by
considering the mean percentage change from influent to effluent, the significance of the
difference between influent and effluent and by comparing resultant effluent quality to the
Department of Water Affairs’ discharge standards. The results of the study indicate a range of
performance both within and between systems, but overall the performance was poor, with the
exception of NH3 (96%) and E. coli (see below) that was removed at one of the sites, namely, at
De Goede Hoop. While PO, was adsorbed, it was very low at all three sites; 3.8%, 7% and 20%
at De Goede Hoop, Wolwedans and Babylonstoren respectively. Furthermore, DWA’s effluent
standards of 10 mg/l for PO,* could not be met at all the sites. Poor PO,> removal can be
explained either by low O, concentrations or the choice of substrate that was used in the
constuction. When O, concentrations are low, solubilisation of minerals and subsequent release

of dissolved of phosphorus occurs. Mean E. coli removal percentages were considerably lower



compared to other studies undertaken elsewhere. E. coli removal was 85% at De Goede Hoop,
39% at Wolwedans and 65% at Babylonstoren. In general, the results indicate that more research
on CW systems is required to improve our understanding of these systems. A better
understanding of these systems will lead to enhanced design and thus assist in improved

treatment performance so as to reduce the impact of CWs on the environment.
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1 INTRODUCTION

Decentralised approaches® to wastewater treatment are increasingly being implemented because
of the high costs of construction and operation of conventional, centralised wastewater treatment
systems, especially in areas that are sparsely populated. In developing countries, funding for
centralised systems as well as technical expertise to manage and operate these systems is limited
(Massoud et al., 2009). However, Bradley et al. (2002) argue against an approach of selecting
the simplest, least cost and least monitored decentralised systems as this may result in inadequate

protection of human health and the environment.

Decentralised wastewater treatment systems, such as constructed wetlands (CWs), are
increasingly being introduced in many parts of the world (Hoffmann et al., 2010). CWs are
engineered systems designed and constructed to mimic natural wetlands and make use of the
same processes that occur in natural wetlands, although often in a more controlled environment
(Vymazal, 2005). CWs mimic ecosystem services provided by natural wetlands, namely in the
ability of biomass to treat various types of wastewater through biological, physical and chemical
processes. Werker et al. (2002) state that similar to naturally occurring counterparts, ecologically
engineered systems provide ecosystem services that have high value but at low cost because
these systems are also fuelled directly by solar radiation, are self-adaptive and require relatively
little maintenance. CWs offer several advantages over conventional systems, such as financial
and energy savings as well as a range of ancillary benefits, including recreation, education and
wildlife habitat (Knight et al., 2001 cited in Lee et al., 2009 and Lee et al., 2009).

! Decentralised approaches to wastewater treatment focuses on the collection and treatment of wastewater near the
point of generation



1.1 Present status

CWs are widely used for wastewater treatment in developed countries such as the USA,
Australia and European countries (Gopal, 2003). In Europe alone, more than 5000 CWs systems
have been constructed (Kadlec & Knight, 1996; Vymazal, 1998 cited in Kivaisi, 2001). As a
result of the wide use of CWs in developed countries, a large portion of literature has been
published in these countries over the past decade (see Kadlec & Knight, 1996, 2001,
Mulamoottil et al., 1998; Vymazal et al., 1998; Mander & Jensen, 2002 cited in Gopal, 2003).

In developing countries, CWs could be beneficial, but still have to gain wider acceptance
(Mohamed, 2004; Heers, 2006; Kamau, 2009 cited in Hoffmann et al., 2010). Nevertheless,
Kivaisi (2001) is confident that there is potential for the development of CWs in developing
countries. The author attributes this to the location of many developing countries in warm
tropical and sub-tropical climates, which are conducive to higher biological activity and
productivity, and hence better treatment performance.

In South Africa, the initial use of CWs was motivated by the need to remove nutrients from
secondary treatment of domestic and industrial effluent (Wood, 1999). According to Wood
(1999), there are approximately 70 CWs that are being used for the treatment of domestic and
industrial wastewaters, mine drainage and agricultural and urban run-off (Wood, 1999). Wood
(1999) notes that while full scale systems were being implemented in South Africa, research was
only in its infancy such as at Free State and Wits Universities (Wrigley, 1988 and Rodgers, 1985
cited in Wood, 1999) and a research project at the Centre for Scientific and Industrial Research
(CSIR) (Wood, 1998 and Batchelor, 1994 cited in Wood, 1999).

In terms of CW treatment performance research, a wealth of literature exists, however the current
literature mainly focuses on laboratory experiments and field studies undertaken in North
American and European countries, with very few studies being undertaken in developing
countries. In the South African context, there have been a few studies dealing with the
application and performance of CWs in the country (e.g. Wood, 1990; Wood, 1993; Wood,
1999) and engineering and design considerations (Wood, 1990). In terms of the CW performance

literature, the Water Research Commission (WRC) research project identified a number of
2



established CWSs with alternative configurations and operational approaches to provide an
overview of performance. These included the following wetlands receiving secondary
wastewaters: Mpophomeni vertical flow soil wetland for polishing biofilter effluent of
phosphate, the Lethlabile meandering channel surface flow wetland for polishing biofilter and
stabilisation pond effluent and the Ladybrand vertical flow gravel bed wetlands for polishing
aerated lagoon and stabilisation pond effluent (Wood, 1999). From the study, Wood (1999)
identified the key problems which limit CW treatment performance. These included the ability to
control hydraulic residence time (HRT) so as to meet treatment objectives, permeability

problems and short-circuiting of systems.

Although countries such as the USA, Denmark and Australia have guidelines for CW design,
South Africa does not have any and thus many CWs in South Africa are based on reports
extracted from international systems and rule-of-thumb assumptions (Wood, 1999). There also
seems to be a lack of control of these systems in South Africa, e.g. permitting and monitoring of
adherence to effluent discharge standards. The need to monitor these systems to determine
performance of CWs in South Africa is becoming increasingly relevant while routine monitoring
is essential for managing CW systems. Data obtained from long term monitoring are useful in
predicting problems within the system and enabling operators to select appropriate actions and
find solutions (Davis, 1995).

This thesis builds onto the existing CW treatment performance literature in South Africa and
focuses on determining the performance of selected CW systems currently operating in the
Western Cape. The study seeks to ascertain whether CWs that are designed to deal with
relatively low volumes of domestic wastewater, were efficient and effective in reducing
pollutants within acceptable water quality standards. The research also focused on the impacts of
these systems on receiving waters by determining water quality and comparing these to the South
African water quality guidelines and standards. Along with a general increase worldwide in the
use of CWs, there appears to be a lack of concern regarding the impact of these systems on the
environment. This assumption is based on the general lack of evidence found in the literature on
this subject. Poorly performing CW systems have the potential to elevate ecological and human
health risks.



1.2 Aims and objectives

The aim of the research project was to determine the performance of CWs in treating domestic
wastewater (greywater and black water) in peri-urban / rural settings of the Western Cape, South
Africa, where there is sufficient space to locate this type of treatment plant. The research sought
to measure the ability of purpose built CWs to reduce or limit the throughput of excessive
nutrients and to reduce the bacterial load so as to meet the Department of Water Affairs
(DWA’s) - formerly the Department of Water Affairs and Forestry (DWAF), wastewater
discharge standards.

This research provided insight into the performance of these systems by focusing on three sites
in the Western Cape, South Africa, where CWs were being used to treat domestic wastewater at

a secondary level.

The research focused on the performance of the CW system, as well as the potential impact that
these systems had on receiving waters. The study was done during the cooler months so as to

determine the performance during non-ideal conditions. The objectives of the study were:

1. To determine the quality of wastewater before and after entering a CW system

2. To determine whether the wastewater quality exiting the CW met (DWA’s) wastewater
effluent discharge standards

3. To determine the quality of treated wastewater at the point of discharge into nearby vleis
(lakes), streams and drainage channels.

The aim and objectives were selected to measure the performance of CW systems and determine
whether there was a change in water quality after passing through the systems and whether water
quality standards were being met. The research could contribute to a better understanding of CW
systems and their performance in the South African context. Furthermore, as there is concern that

decentralised systems such as CWs may be problematic in terms of treatment performance, it is



essential that more knowledge of the science regarding these systems be understood if they are to

become credible and acceptable.

1.3 Overview of research methods and study design

The focus of this research was to determine the performance of selected CWs currently operating
in the Western Cape. The research design focused on monitoring CWs at different sites as
opposed to laboratory- based studies; however, there are also limitations which compromise the
scientific potential of the study because there is no control over variables operating within the

system, e.g. flow rate, wastewater strength.

A list of sites was selected from a consulting landscape architectural practice responsible for the
design and installation of over 25 CWs located in the Western Cape. Since the focus of the
research was restricted to sub-surface flow (SSF) in the treatment of domestic wastewater at a
secondary level, site selection was narrowed down to three sites. The performance of the selected
CWs was then determined by collecting and analysing water samples from the following: a
single house at De Goede Hoop Estate, Noordhoek (De Goede Hoop); Wolwedans Farm,
Stellenbosch (Wolwedans); and Babylonstoren Farm, Simondium (Babylonstoren). It should be
noted however that the CWs at the three sites were all designed differently i.e. each with
different flow rates, wastewater volumes and area sizes. It was thus not the intention of the
researcher to compare these sights to each other but to analyse the general performance of each
system. Sampling was undertaken the cooler months so as to provide insight into how the CWs

performed under non-ideal conditions.

The CWs at Wolwedans and Babylonstoren were installed by the private property owner in the
absence of municipal services for wastewater treatment services and infrastructure to these areas.
The landowners thus installed these systems in order to manage wastewater in a cost effective
manner. In contrast, the landowner on the De Goede Hoop Estate had access to municipal
wastewater services, but chose to install a natural, biological system to treat domestic

wastewater.



The CWs all formed part of a wastewater treatment train in which primary treatment occurred in
the form of septic tanks and/or sedimentation settlement followed by aeration prior to wastewater
entering the CWs. The treatment systems were designed and constructed by the same private
water treatment engineering consulting company (See Appendix 1).

Field studies were conducted to collect water samples. The variables used in this study included
selected nutrients and E. coli. The nutrients selected included ammonia (NHs ionised and un-
ionised forms), nitrate (NOg), nitrite (NO,) and orthophosphate (PO,%). The variables were
chosen primarily as a result of the concern of high levels and loads of nutrients that enter

freshwater and groundwater, as well as possible impacts of pathogens on downstream users.

The sampling points selected included influent and effluent points. This enabled a direct
comparison between the influent and effluent concentrations, which then provided information
about performance. The significance of the difference between the influent and effluent was also
determined using regression analysis. Performance of the system was also analysed by
comparing the effluent concentration to the DWA’s effluent discharge standards, to determine

how often effluent quality standards were being met.

Finally, the impact of CWs on surrounding water bodies, such as vleis (lakes), streams and
drainage channels, were sampled to determine water quality and compared to the South African

Water Quality guidelines.

1.4 Assumptions and limitations

As a result of limited resources, not all the variables could be compared to the standards and
guidelines directly. For example, E. coli is not included in the discharge limit standards. The
discharge standards contain faecal coliforms, of which E. coli is a large component. Similarly
when comparing effluent quality with the South African Water Quality guidelines, these contain

inorganic phosphorus, whereas the research was limited to orthophosphate (PO.*).



A further limitation is that baseline data of surrounding water was not collected prior to the CWs
being installed at the sites and thus it was not possible to compare a change in water quality

resulting from the installation of these CWs.

1.5 Structure of the report

Chapter Two of this report discusses the literature review by focusing attention on the use of
CWs as an alternative method to conventional wastewater treatment, and also considers how
ecosystem service are capable of mimicking nature to solve human problems of waste. The
chapter gives a detailed discussion about competing definitions, classifications and the valuation
of ecosystem services, as well as an overview of the concept, historical perspective, classification
and application of CWs. In closing, this chapter also outlines the components, design, pollutant
removal mechanisms and treatment efficiencies of these systems. Chapter Three discusses the
research methods and study design, and includes descriptions of the study areas, and details on
the sampling method and laboratory analysis. Chapter Four presents the results and analysis,
while Chapter Five concludes the study.



2 LITERATURE REVIEW

According to the United States Environmental Protection Agency’s (USEPA) study findings,
decentralized wastewater systems are appropriate for low-density communities are more cost-
effective than centralized systems (Massoud et al., 2008). Thus more attention is being given to
the benefits of decentralised wastewater treatment systems which treat wastewater at their source
(Campbell and Ogden, 1999). A decentralised approach to treating sewage (point source
treatment), potentially with CWs, may also provide a more efficient means to treat wastewater
and may have value to both new developments as well as being retrofitted into existing

developments (Campbell and Ogden, 1999).

One approach to decentralised wastewater treatment is making use of the constructed wetlands
(CWs) to treat wastewater. Wetland systems provide ecosystem services such as water
purification / treatment, fish, fibre, water supply, flood regulation and recreation opportunities
(IWMlI, 2006), offering a wide range of services that also meet humans needs (Turner, 1991).
There is increasing interest in constructed wetlands to simulate natural wetland functions so as to
provide services for human benefit (Hammer & Bastian, 1989). Constructed wetlands (CWs) for
wastewater treatment are being designed and built to mimic the treatment processes that occur in
natural wetlands by using a combination of naturally occurring biological, chemical and physical
processes and interactions with plants, microbiota and substrate to treat wastewater. This
literature review builds on this discussion by considering CWs as an alternative means of treating

wastewater.

Studies show that CWs are capable of mimicking natural wetland processes and removing a large
percentage of contaminants (e.g. Decamp & Warren, 2000; Ayaz & Akca, 2001). Furthermore,
CWs designed for wastewater treatment may also provide a range of other ecosystem services
that go beyond the primary aim of the construction (Ghermandi et al., 2009). These ancillary

benefits may include the provision of wildlife habitat (Lee et al., 2009) as well as opportunities



for environmental education, recreation and water re-use (Knight et al., 2001). CWs can also be

designed to form a visually pleasing and functional landscape (Shutes, 2001).

Although CWs are considered to be relatively simple in terms of construction and operation,
ecosystems are biologically complex, with numerous components that interact non-linearly
(Banzhaf & Boyd, 2012). It should be noted that these systems behave as natural systems and
thus require a better understanding if they are to operate effectively. Further to this, there appears
to be inflated expectations regarding the capability of these systems to manage human waste.
Gopal (1999) argues that the capability of wetlands to perform certain functions has been over
estimated. The author also states that the over-generalisation of laboratory and short-term field
experiments’ results have been exaggerated to present a more promising account of the

performance of CWs.

2.1 Ecosystem services

Ecosystem services are the benefits that households, communities and the economy receive from
nature (Boyd & Banzhaf, 2007). Throughout human history, people have related well-being is
related to the proper functioning of ecosystems (Brauman et al., 2007). In many cases, the
realisation of the importance of ecosystem services came about when ecosystems were being
degraded and thereby failed to provide these services (Brauman et al., 2007). For example, the
ancient Greeks were aware of the importance of soil retention; this knowledge however only

came about after deforestation resulting in soil thinning (Fisher et al., 2009).

The origins of the modern history of ecosystem services are found in the 1970’s and begin with
the utilitarian framing of ecosystem functions as services to increase public interest and
conservation efforts (Westman, 1977; Ehrlich & Ehrlich, 1981; de Groot, 1987 cited in Gomez-
Baggethun et al., 2010). The interest in ecosystem services continued into the 1990s (e.g.
Costanza et al., 1997 and Daily, 1997). Daily’s (1997) book entitled Natures Services: Societal
Dependence on Natural Ecosystems, is one of the first rigorous attempts to try and identify the
range of ecosystem services and the economic value of these services (Salzman, 1997). Costanza

et al. (1997) attempted to assign a monetary value to ecosystem services. Costanza et al. (1997)



used published studies as well as original calculations to estimate the value of 17 ecosystem
services for 16 biomes. The authors concluded that ecosystems provide at least US$ 33 trillion
worth of services annually. Furthermore, the Millennium Ecosystem Assessment (MA) (MA,
2003) contributed to placing ecosystem services on the policy agenda. Since the release of this

assessment, the literature on ecosystem services has grown exponentially (Fisher et al., 2009).

2.1.1 Defining ecosystem services
Several definitions of ecosystem services are found within the wealth of ecosystem services
literature. According to Boyd & Banzhaf (2006), ecologists and economists have failed to
standardise the definition of ecosystem services, and this has resulted in competing meanings of
the term. The following definitions are the three most common definitions cited in the literature,

and although they have the same general idea, there are differences between them.

1. The MA (2003) provides a broad definition of ecosystem services as that which entails
the “benefits people obtain from ecosystems”. It draws on two earlier definitions offered
by Daily (1997, p.3), who defines ecosystem services as the “conditions and processes
through which natural ecosystems and the species from which they comprise, sustain and
fulfil human life” and Costanza et al., (1997, p.1), who refer to ecosystem services as
“the benefits that human populations derive, directly or indirectly, from ecosystem
functions”. In Daily (1997), the definition states that ecosystem services are “conditions
and processes” as well as the actual life-support functions, whereas in Costanza et al.
(1997), ecosystem services are the goods and services derived from the functions which

are used by humanity (Fisher et al., 2009).

2. Boyd & Banzhaf (2007) argue that ecosystem services need to be defined in a way that is
methodologically and economically consistent with the definition of goods and services
used in conventional income accounts. The authors suggest that “ecosystem services are
components of nature, directly enjoyed, consumed or used to yield human well-being”
(p.619). In this definition emphasis is placed on ecosystem services as end products of
nature and the fact that ecosystem services are components of nature rather than functions

or processes (Boyd & Banzhaf, 2007). For example, water purification would not be
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considered an ecosystem service, as stated by other authors (e.g. Daily, 1997), but rather
a function of certain land cover types that help to produce clean water, which is
considered the final ecosystem service. Other examples of ecosystem services provided
by the authors include: surface water, vegetation types and species populations.
According to Boyd & Banzhaf (2007), ecosystem service functions and processes are not
end products in themselves and therefore are not services. Instead they offer functions
and processes that are intermediates in the production of final services (Boyd & Banzhaf,
2007). The distinction between intermediate and end products is fundamental to welfare
accounting (Boyd & Banzhaf, 2006). The authors state that if a distinction is not made
between intermediate and end products, then the value of intermediate goods will be
double counted since intermediate goods are already embodied in the value of final

goods.

. There is a counter argument to Boyd and Banzhaf (2006) as offered by Fisher et al.
(2009, p.645) who suggest that “ecosystem services are the aspects of ecosystems utilised
(actively or passively) to produce human well-being”. In this definition, ecosystem
services include ecosystem structure as well as processes and/or functions if they are
consumed or utilised directly or indirectly by humanity (Fisher et al., 2009). Thus,
functions and processes become services if humans benefit from them (Fisher et al.,
2009).

For the purpose of this research, the definition provided by the MA (2003), as well as the similar

definitions provided by Daily (1997) and Costanza et al. (1997), are preferable. This is because

these definitions regard water treatment as the actual ecosystem service. Using water purification

as an example, according to the MA (2003) classification (Table 1), water purification would be

considered a regulating ecosystem service. In contrast, the definition offered by Boyd & Banzhaf

(2007) does not consider water purification an ecosystem service, but rather an ecosystem

function or process. The authors argue that water purification is a function of certain land cover

types (in the case of this research, wetlands / constructed wetlands) that help produce clean

water. The clean water, which is the end product, would then be considered the ecosystem

service.
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2.1.2 Classifying ecosystem services
Ecosystem services do not only have multiple definitions but also different ways to classify
them. The MA (2005) classifies ecosystem services in terms of the provision of services,
regulating services, cultural services and supporting services. Table 1 provides examples of each

type of service.

Table 1: Categories of ecosystem services and related services (Adapted from Millennium
Ecosystem Assessment (2005)

Service classification Service
Provisioning services % Food
<+ Fibre

% Genetic resources

% Bio-chemicals, natural medicines, etc.
% Ornamental resources

< Fresh water

Air quality regulation
Climate regulation

Water regulation

Erosion regulation
Disease regulation

Pest regulation

Pollination

Cultural diversity
Spiritual and religious values
«» Recreation and ecotourism
«» Aesthetic values

< Knowledge systems

«» Educational values

Soil formation
Photosynthesis

Primary production
Nutrient cycling

Water cycling

e

o

Regulating services

R?
0.0

e

*

e

S

e

%

5

*

5

*

e

*

Cultural services

e

*

7
0.0

Supporting services

R/ 7
0.0 0.0

e

o

e

o

Source: Wallace (2007)

Wallace (2007) argues that the classification of ecosystem services by the MA (2005) as well as
by other authors such as Costanza et al. (1997), de Groot et al. (2002) and Farber et al. (2002)
use mixed processes (means) for achieving services and the services (ends) themselves within
the same service category. The author argues, for example, that pollination, water regulation,
photosynthesis and soil formation are not end products, but rather processes to achieve services

such as food production and potable water. He states that water regulation, in its own right, is not
12



a service sought by humans, but is a process to achieve potable water. Hein et al. (2006) do not
distinguish a category for supporting services, which represents ecological processes that
underlie the functioning of the ecosystem. Instead they provide the following three categories:
production services, regulation services and cultural services. They argue that the MA’s
inclusion of supporting services may lead to double counting as their value is already reflected in
the other three service categories. However this does not imply that intermediate services are not
services, e.g. tyres are sold either directly to consumers or sold to car companies and are
intermediate products sold to consumers as part of cars (Costanza, 2008). Costanza (2008)
concludes by stating that the goal for classification should not be a single, consistent system, as
implied by Wallace (2007), but rather a pluralism of typologies that will each be useful for
different purposes.

2.1.3 Valuation of ecosystem services
In the last 30 years, valuation of ecosystem services has become one of the most significant and
fastest evolving research areas in environmental and ecological economics (Turner et al., 2003).
The interest in the valuation of ecosystem services came about as a result of an increasing
awareness that the benefits provided by natural and semi-natural ecosystems were often
underestimated in decision making (Helliwell, 1969; Odum & Odum, 1972 cited in Hein et al.,
2006).

Ecosystem valuation is the process for expressing values for ecosystem goods for scientific
observation and measurement (Farber et al., 2002). The motivation for valuation studies is to
generate more comprehensive information for policy formulation and decision taking (Turner et
al., 2003). According to Randall (2002), and Hanley & Shogren (2002) cited in Turner et al.
(2003), the purpose of ecosystem service valuation is not to put a price tag on the environment,
but to express the effect of marginal change in ecosystem services provision in terms of a rate of

trade off against other things people value.
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The value of ecosystems comprises use and non-use? elements. An example of direct use values
is cranberries or crabs that are exchanged in markets and easily priced (direct market uses)
(Salzman, 1997). Recreational activities such as fishing (direct non-market) as well as more
intangible existence values® and option values* are not exchanged in markets (non-market, non-
use) (Salzman, 1997).

Some ecosystem products, such as timber and fish, are commodities valued in the marketplace.
Goods that are typically bought in markets are ‘excludable’ and ‘rival’. To be rival means that
the use of a good by one person precludes its use by another; and excludable means that one
person can prevent another person from using a certain good (Fisher et al., 2009). There are
however many other services that are public goods and are free to any user. As people often do
not pay for these services and because they can be used without diminishing their value, there is
no direct measurement of demand and willingness to pay which makes it difficult to determine
their value (Heal, 2000 cited in Brauman et al. 2007). A variety of methods for the economic
valuation of ecosystem services exist. A brief summary of each of these ecosystem service

valuation types is provided in Table 2.

2 Derived from simply knowing that ecosystems exist.
®The value attached to the knowledge that species, natural environments and ecosystem services exist.
* The willingness to pay a certain sum today for the future use of an asset.
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Table 2: Ecosystem service economic valuation methods and examples

Valuation method Explanation Example
Direct market This is the exchange value that ecosystem | Timber or produce.
valuation services have in trade (de Groot et al.,

(2002).

Indirect market
valuation

%

% Avoided cost Estimates the value of ecosystem services | Flood control, which avoids property
based on the costs of avoiding damages in | damages (de Groot et al., 2002

the absence of those services (de Groot et
al., 2002).

% Replacement | Estimates a value based on the cost to | Natural wastewater treatment by marshes

cost replace the ecosystem function or service | which can be (partly) replaced with
(UNEP-WCMC, 2011). costly artificial treatment systems (de
Groot et al., 2002)

< Factor income | Services provided for the enhancement of | Natural water quality improvements that

incomes (Farber et al., 2002). increase commercial fisheries catch and
thereby incomes of fishermen (de Groot
et al., 2002).
« Travel cost Determines the value of an ecosystem | Used to value sites which are used for
based on the amount of money spent to | recreation  purposes  (Carson &
reach that particular destination Bergstrom, 2003).
+« Hedonic Service demand may be reflected in the | Housing prices at beaches exceed prices
pricing prices people will pay for associated goods | of inland homes (Farber et al., 2002).

(Farber et al., 2002).

Contingent valuation Service demand elicited by posing | People would be willing to pay for
hypothetical scenarios that involve some | increased fish catch (Farber et al., 2002).
valuation of alternatives (Farber et al.,
2002).

Ecosystem services valuation has also been applied to ecosystem services generated by
constructed ecosystems. A discussion follows to determine whether CWs provide the same level

of values for certain ecosystem services as natural wetlands.
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2.1.4 Valuation of constructed ecosystem services

Constructed ecosystems are similar to natural ecosystems, but differ in the following aspects: in
constructed ecosystems there is an enhancement of certain services with the decline of most
other services; furthermore, higher direct use values than indirect use values are estimated for
constructed ecosystems as compared to natural ecosystems (Yang et al., 2008). Wetlands are
considered one of the most valuable resources per unit area, providing a number of ecosystem
services such as water supply, raw material, food, recreation (Costanza et al., 1997; Zedler,
2000) as well as water quality improvements.

A number of studies focus on CW valuation. For example, Ghermandi et al. (2009) set out to
determine whether CWs provide the same level of values for certain ecosystem services. The
services that were given attention included flood protection, water quality improvement, and
water storage and supply. The findings led to the conclusion that constructed wetlands were
highly valued for flood control, storm buffering and water quality improvement as well as for the
provision of habitat and biodiversity, all of which were not the primary goals for the construction
of these ecosystems.

In another study on monetary valuation, Chen et al., (2009) undertook a valuation study by
exploring net ecosystem values for constructed, human-interfered and natural wetlands. The
results obtained are presented in Table 3 and indicate that the CW (Beijing wetland) has the

largest net services value.
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Table 3: Ecosystem services valuation of the Beijing wetland, norm wetland and Sanyang wetland

Item Beijing wetland Norm wetland Sanyang wetland

($/halyr) Proportion ($/halyr) Proportion ($/halyr) Proportion
(%) (%) (%)

Waste 131948 63.82 4902 31.34 -854 -121.58

treatment

Food and 40 0.02 425 2.72 895 127.47

material

production

Water supply 74 706 36.14 4 460 28.51 207 29.50

Gas -238 -0.11 156 1.00 48 6.88

regulation

Disturbance 249 0.12 5344 34.16 278 39.52

and  water

regulation

Habitat and 35 0.02 357 2.28 128 18.21

refugia

Total 206 740 100.00 15 643 100.00 702 100.00

Where the Beijing wetland represents a constructed wetland; the norm wetland is a wetland in its average
status as a representative of a natural wetland and the Sanyang wetland is an example of a human-

interfered wetland (Source: Chen et al., 2009)

Similarly, Yang et al. (2008) valued a CW located in the Hangzhou Botanical Garden in Beijing.

The authors valued the CW at 66.67 yuan (approximately RSA R90) m™ per vyear, using the

contingent valuation method and 1920 yuan (approximately RSA R2670) m™ per year using a

shadow project approach®. In comparison, (He et al., 2005 cited in Yang, 2008), valued a natural

wetland at 1.06 yuan (approximately RSA R1.50) m™ per year, a 131 yuan (approximately RSA

R180) m™ per year for farmland and 1.88 yuan (approximately RSA R2.60) m™ per year for a

forest area as the average economic value of terrestrial ecosystems in China.

s Applied to assess the value of an ecosystem service by how much it costs to replace or restore it after it has been

damaged
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2.2 Constructed wetlands for wastewater treatment

The use of wetlands to improve water quality is not a new innovation. Natural wetlands have
been used as convenient wastewater disposal sites for many years (Hoffmann et al., 2010).
Wastewater is usually discharged, directly or indirectly into depressions in the landscape (Brix,
1994b) and thus if a wetland is not already present at the site, the wastewater will lead to the
formation of one (Cooper & Boon, 1987 cited in Brix, 1994b). CWs have been used for over

forty years in almost all the regions of the world (Hoffmann et al., 2010).

The foundation for CW technology was laid by two German scientists, Dr Kéthe Seidel and Dr
Reinhold Kickuth (Lee et al., 2009). In the early 1950s, Dr Ké&the Seidel was responsible for
undertaking the first experiments aimed at the possibility of using wetland plants for wastewater
treatment. The work of Dr Seidel stimulated other institutions in Germany to become involved in
the study of wetlands for wastewater treatment (Seidel et al., 1978 cited in Brix, 1994b). Dr
Kickuth was responsible for the development of the Root Zone Method in the mid 1960s (Brix,
1994b). The Root Zone Method comprises a rectangular planted bed in selected soils that may
contain calcium, iron or aluminium to improve the phosphorus precipitation capacity and in

which water flows horizontally through the rhizosphere of the reeds (Brix, 1994b).

In North America, during the 1970s, experimentation with different designs of CWs took place
(Spangler et al., 1976; Wolverton, 1982 cited in Brix, 1994b). Most of the initial work was
related to the use of natural wetlands for wastewater treatment (Nichols, 1983), however it soon
became apparent that the application of wastewater to natural wetlands was likely to result in
changes to species composition, community structure and function, and therefore the overall
value of a wetland (Brix, 1994b). It was realized that CWs have a greater potential for
application as it allows the optimisation of control over the treatment process and CWs do not
interfere with the values of natural wetlands (Reed & Bastian, 1985 cited in Brix, 1994b).

The earlier work in Europe influenced the development of CW technology in the United States
(Brix, 1994b). The favourable results of these earlier projects prompted the construction of other
key projects in the 1980s (Gearheart et al., 1989 cited in Brix, 1994b). In the 1990s a major
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increase in the number of CWs took place as the application expanded to different kinds of

wastewater (Hoffmann et al., 2010).

Increasing worldwide interest in CWSs is because of the potential for these systems to provide a
range of benefits compared to conventional methods, including financial savings in electricity,
human labour, lower construction and maintenance costs, and cost savings of chemicals, fuel,
services and plant operation (Rousseau et al., 2008; Lee et al., 2009). The basic operation and
maintenance costs for competing concrete and steel technologies are higher by a factor of 2 to 10
times when compared to CWs (Vymazal & Kropfelova, 2008; Kadlec & Wallace, 2009). Table 4
compares the differences between the cost and pollutant removal efficiency of CWs and
conventional treatment plants. The table shows that the construction cost is lower for CWs, while
the management costs are substantially lower. The table also indicates higher removal
efficiencies for CWs with regard to suspended solids (SS), total nitrogen (TN) and total
phosphorus (TP). The table (compiled by Lee et al., 2009) does not provide any detail in terms of
the context of how these figures were derived, although it does provide a general overview of

some of the advantages of CW treatment systems.

Table 4: Comparison of characteristics between CWs and conventional treatment plants
Financial considerations Removal efficiency (%)
Treatment Construction | Management Facility BOD SS TN TP Remarks
system cost ($) cost ($/year) capacity
(m°)

Constructed | 220 000 300 800 80-90 | 80-90 | 40- 50-60 | Remove

wetland 50 some
heavy
metals, E.
coli

Conventional | 300 000 2000 450 80-99 | 70-80 | 20- <20 -

treatment 30

plant

Source: Lee et al. 2009 (BOD -Biological Oxygen Demand, SS — suspended solids, TN — total nitrogen,

TP — total phosphorus)
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Although CWs offer some advantages, as mentioned above, there are also limitations to using
these systems. Gopal (1999) notes that CWs require a larger land area compared to conventional
systems. Davis (1995) notes that the biological components of CWs are sensitive to toxic
substances, such as ammonia and pesticides, and that wetland plants require a minimum amount
of water in order to survive. Furthermore, their relatively slow rate of operation compared to

conventional wastewater treatment techniques is a disadvantage (Shutes, 2001).

The use of CWs for wastewater treatment presents various other challenges. Werker et al. (2002)
notes that although progress has been made in improving the design of CWs, there are still gaps
in the understanding of these systems that limit the ability to achieve predictable and sustained
levels of water quality treatment (Werker et al., 2002). Research has shown that CWs are more
complex than conventional systems due to diffusive flow as well as a large number of other
processes involved in the treatment (Hoddinott, 2006). Furthermore, it is also difficult to know
how well a design will perform until it is completed and allowed time to mature (Werker et al.,
2002).

Similar to conventional systems, CWs also demonstrate variability in performance in the
removal of pollutants (Crites & Tchobanoglous, 1998 cited in Werker et al., 2002). This is
because although CWs are living, ecological systems that mimic natural wetlands (U.S. EPA,
2000) and their performance may be influenced by varying hydraulics and the internal wetland
environment (Kadlec & Reddy, 2001; Hoddinott, 2006). Buchberger & Shaw (1995) note that
because CWs cover a large surface area, and that the performance may be affected by factors
such as rainfall, evapotranspiration and temperature. Kadlec (1989) notes that as these factors
vary over time, and that CWs do not operate within a steady-state. Thus, very different
performance levels may be experienced within a system over time. For example, the results
obtained by Masi & Martinuzzi (2007) Table 5 shows large variability in removal efficiencies
within and between various types of CW systems in Mediterranean countries. Ammonia removal
efficiencies for horizontal flow in CWs range between from 18% to 76% and for nitrogen, the

removal efficiencies range between 23% and 67%.
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Table 5: Performance of CWSs in Mediterranean countries

Type of CW Organic Nitrogen Ammonia Total solids (%) | Pathogens (%)
content (%) removal (%) removal (%)

Horizontal 73-99 23-67 18-76 59-96 94-99.999

flow

Vertical flow 52-95 - 78-99 48-98 96-99.9

Free water | 11-63 21-76 15-82 36-67 90-99.999

surface

Hybrid 86-99 43-89 85-96 72-84 98-99.9995

systems

Vertical flow, | 82-99.7 66-98 85 95-99.8 -

raw

wastewater

Source: Masi and Martinuzzi (2007)

Bavor et al. (1995) note that pollutant removal performance range between 0% and more than
90% for most of the pollutants that were tested. The authors note that these reports often include
data for establishing systems, overloaded systems, and inappropriately designed or unmanaged
systems. They argue that in the absence of comprehensive and widely accepted design criteria,
this information could be misinterpreted to mean that CWs are unreliable and unpredictable as a

wastewater treatment method.

2.2.1 Classification of constructed wetlands
CWs are classified according to the life form of the dominant macrophyte® in the system
(Vymazal, 2005). CWs may either comprise free-floating macrophyte-based systems, submerged
macrophyte-based systems or rooted emergent macrophyte-based systems (Brix, 1993). Vymazal
et al. (1998) notes that different types of macrophyte-based systems may be combined with each

other or with conventional treatment methods to exploit the advantages of the various systems.

2.2.1.1 Free-floating macrophyte-based systems
The development of free-floating macrophyte-based systems has been prompted by the desire for
nutrient removal and to improve the performance of conventional stabilization ponds (Brix,
1994b). Free-floating habitats are diverse in form, habit and size (Vymazal et al., 1998).
Examples of plants used in these systems include water hyacinth (Eichhornia crassipes), water

lettuce (Pistia stratiotes) and duckweed (Lemnaceae) [Brix & Schierup, 1989 cited in Vymazal

® Macrophytes are macroscopic aquatic plants that are either emergent, submergent or floating
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et al., 1998]. A schematic representation of a free-floating macrophyte-based system is shown

below (Figure 1).

Figure 1: Representation of a free-floating macrophyte-based system. Source: Brix, 1993

2.2.1.2 Submerged macrophyte-based systems
Submerged macrophytes have their photosynthetic tissue entirely submerged (Vymazal et al.,
1998). Experiments have shown that minerals can be taken directly by the shoots of submerged
plants (Vymazal et al., 1998); the roots of these plants are also responsible for nutrient uptake
(Vymazal, 1995). Examples of submerged macrophytes include water weeds (Elodea spp.),
quillworts (Isoetes spp.) and pond weeds (Potamogeton spp.) [Vymazal & Kropfelova, 2008]. A
schematic representation of a free-floating macrophyte-based system is shown in Figure 2.
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Figure 2: Representation of a submerged macrophyte-based system
Source: Brix, 1993

2.2.1.3 Emergent macrophyte-based systems
Emergent macrophytes have their roots in the sediment and emergent stems and leaves, examples
include reeds (Phragmites) and bulrush (Typha) (Greenway, 2000). Emergent macrophyte-based

systems can be categorized according to the following flow regimes:
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2.2.1.3.1 Surface flow systems
Surface flow systems comprise open areas of water with floating vegetation and emergent plants
(Kadlec & Wallace, 2009). These systems are often densely vegetated (Department of Planning
and Local Government, 2010). As these wetlands closely mimic natural wetlands, they attract
wildlife, such as molluscs, amphibians, insects, birds, mammals, reptiles and fish (NADB
database, 1993; Kadlec & Knight, 1996 cited in Kadlec & Wallace, 2009). The wetland base
may be permeable, thus allowing water to exfiltrate (Lee et al., 2009). Wastewater passes over
the support medium, between the stems of plants and through the surface debris (Lee et al.,
2009). The shallow water depth of these systems along with the low flow velocity, regulate the
water flow and ensure plug-flow conditions (Reed et al., 1998 cited in Vymazal et al., 1998).
The most common application for surface flow systems is for advanced treatment of effluent
from secondary or tertiary treatment processes (Kadlec & Wallace, 2009). A schematic

representation of an emergent macrophyte-based system with surface flow is shown in Figure 3.

2.2.1.3.2 Systems with subsurface flow

These are the most widely used type of CW in Europe and South Africa (Lee et al., 2009) and
are referred to as reed bed treatments systems (Hofmann et al., 2010) or reed beds. Systems with
subsurface flow often contain a ditch or a bed, sealed by an impermeable substance and media to
support the growth of emergent plants (Lee et al., 2009). This media is often composed of rock
or crushed gravel and different soils, or in various combinations (Reed et al., 1995 & Kaseva,
2004 cited in Lee et al., 2009). The water surface is maintained below the gravel media, to
reduce risk of odour, insect vectors or public exposure (Reed & Brown, 1995).

Subsurface flow systems are categorized into either horizontal flow (HF) or vertical flow (VF)
CWs depending on the water flow through the system. Hybrid systems, which combine
horizontal and vertical flow systems, have been used to improve treatment performance (Lee et
al., 2009).
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2.2.1.3.2.1 Horizontal flow (HF) systems:
In HF systems, wastewater flows horizontally through a porous medium planted with emergent
vegetation (Knowles et al., 2011). As the wastewater flows through the rhizosphere, the
wastewater is cleaned by microbiological degradation, chemical and physical processes (Brix
1987, Cooper et al., 1996 cited in Vymazal et al., 1998). These systems are often used for
secondary treatment of single-family homes or small cluster systems (Wallace & Knight, 2006
cited in Kadlec & Wallace, 2009) or for small communities (Cooper et al., 1996 cited in Kadlec
&Wallace, 2009). A schematic representation of an emergent macrophyte-based system with HF

is shown in Figure 3.

2.2.1.3.2.2 Vertical flow (VF) systems:
The pollutant elimination principles of VF systems are similar to those for the HF systems
(Vymazal et al., 1998). With reference to vertical flow systems, water is piped into the plant and
percolates through the medium (Vymazal et al., 1998). VF systems have relatively small space
requirements and provide good aeration conditions (McBride & Tanner, 2000). A schematic
representation of an emergent macrophyte-based system with VF is shown in Figure 3.

2.2.1.3.2.3 Hybrid systems:
Various types of CWs can be combined in order to achieve higher treatment efficiency
(Vymazal, 2005). In hybrid systems, different cells are designed for different types of reactions
(Davis, 1995). The most common type of hybrid system is vertical flow systems and horizontal
flow systems arranged in a staged manner (Vymazal, 2005). In combined horizontal and vertical
flow systems, the benefits of each system can be combined to complement each other (Vymazal,
2005).
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Figure 3: Representation of emergent macrophyte — based systems
Surface flow system (a), emergent macrophyte — based system with horizontal flow (b) emergent
macrophyte — based system with vertical flow (c). (Source: Nilsson et al., 2012)
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As mentioned above, there are various types of CWSs; however the research will literature will

only focus on HF CWs with emergent vegetation. Thus the rest of the literature review will
mainly focus on these types of systems.

Figure Figure 4 provides a summary of the classification of CWs.
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Figure 4: Classification of constructed wetlands for wastewater treatment systems
The red circle illustrates the focus area of the research, i.e. subsurface horizontal flow constructed
wetlands with emergent vegetation. (Source: redrawn from Vymazal, 2001 in Vymazal, 2007)
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2.2.2 Applications of CWs and present status
The use of CWs spans a wide range of applications such as mine drainage; urban stormwater;
rivers, lakes and reservoirs; agricultural run-off; livestock wastewater; industrial wastewater,

landfill leachate and sludge drying.

Sub-surface flow wetlands are the predominant wetland type used for wastewater treatment in
Europe (Hoffmann et al., 2010), where most of these systems are soil or gravel based horizontal
flow systems, planted with Phragmites australis (Haberl et al., 1995). Most of the systems used
in Europe are used for secondary treatment for village sized communities of up to 1000 people
(Brix, 1997). This is in contrast to North America, where surface flow wetlands are the dominant

wetland type used mostly for tertiary wastewater treatment for larger communities (Brix, 1997).

2.2.3 Components of constructed wetlands
CWs comprise macrophytes, water, substrate and microbiota. These components all play a role

in pollutant removal.

2.2.3.1 Macrophytes

2.2.3.1.1 Macrophyte adaptations

Wetland plants need adaptations to the shortage of oxygen in the root zone of CWs (Verhoeven
& Sorrell, 2010). Waterlogged conditions in wetlands create a dynamic soil environment with on
average, lower oxygen concentrations compared to unsaturated soil (Verhoeven & Sorrell, 2010).
Wetland plants are morphologically adapted to living in water - saturated conditions as is evident
by their large internal air spaces for the transportation of oxygen from their aerial organs to their
roots and rhizomes (Brix, 1994b). The internal movement of oxygen down the plant serves the
respiratory needs of the buried tissues and supplies the rhizosphere with oxygen via leakage from
the roots (Brix, 1994b). The oxygen leakage from the roots creates oxidized conditions in the
otherwise anoxic substrate and stimulates aerobic decomposition of organic matter and the
growth of nitrifying bacteria (Brix, 1994b).
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2.2.3.1.2 Role of macrophytes in CWs
Brix (1997) notes that because the most important removal mechanisms in most treatment
systems (including conventional systems) are physical and microbial, and that the role of
macrophytes in CWs treating wastewater has therefore been questioned. It has been shown
however that planted wetlands remove larger quantities of nitrate than unplanted beds (Zhu &
Sikora, 1995; Lin et al., 2002 cited in Bastviken et al., 2005). The mechanisms by which plants

influence the treatment process are described below:

2.2.3.1.3 Nutrient uptake
Wetland plants require nutrients for growth and production (Brix, 1997). As wetland plants are
highly productive, a considerable amount of nutrients can be bound in the biomass (Brix, 1997).
Vymazal et al. (1998), note that if wetlands are not harvested, large amounts of nutrients
incorporated into the plant tissue will be returned back to the water by decomposition.

2.2.3.1.4 Physical effects
Wetland plants stabilize substrate and limit channelized flow and slow water velocities, allowing
suspended material to settle (Davis, 1995; Brix, 1997)

2.2.3.1.5 Oxygen leakage to the roots
Macrophytes transport oxygen from their aerial organs to their aerial organs to their roots and
rhizomes (Brix, 1994b) that may eventually diffuse into the sediment and water (Reddy et al.,
1989; Vretare, 2001 cited in Bastviken, unpub.).

2.2.3.1.6 Influence on soil hydraulic conductivity
In subsurface CWs, the flow of water in the bed is intended to be largely subsurface through
channels created by living and dead roots and rhizomes and soil pores (Brix, 1994b). As roots
and rhizomes grow, they loosen and disturb the soil (Brix, 1997). When roots and rhizomes die
and decay, they may leave behind tubular pores and channels, which are thought by some to
increase and stabilize the hydraulic conductivity of the soil (Vymazal et al., 1998).
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2.2.3.1.7 Provision of surface area for microbial growth
The roots and rhizomes buried in wetland soil provide a substrate for attached growth of
microorganisms (Hoffmann, 1986 cited in Vymazal et al., 1998). The attachment of
microorganisms to submersed solid surfaces, such as macrophytes, results in the formation of
biofilms (Bastviken, unpub.). Furthermore, attached bacteria are more active and more abundant

than free-living bacteria in aquatic systems (Hamilton, 1987 cited in Bastviken, unpub.).

2.2.3.1.8 Energy source
Macrophytes use solar energy to assimilate inorganic carbon from the atmosphere to produce
organic matter (Vymazal et al, 1998). This organic matter provides an energy source for

heterotrophic bacteria such as denitrifying bacteria (Bastviken, unpub.).

2.2.3.1.9 Aesthetics and habitat provision
Plants support wildlife and create an aesthetically pleasing appearance (Brix, 1997).

2.2.3.2 Water (Hydrology and Hydraulics)
According to Koskiaho (2006), the driving force behind the existence and function of CWs is
closely linked to hydrology and hydraulics. Hydrology describes the quantity and temporal
distribution of flow into a CW, whereas hydraulics relate to the patterns and velocities of water
movement within a CW (Koskiaho, 2006). Hydrology is driven by weather phenomena
(Koskiaho, 2006). Small changes in hydrology can have significant effects on a wetland and its

effectiveness at treating wastewater (Davis, 1995).

The design of conventional systems is normally based on hydraulic residence time (HRT); some
wetland treatment systems however show a more consistent correlation with hydraulic loading
rate than with HRT (R Kadlec, pers. comm. cited in Davis, 1995). Hydrologic considerations in
wetland design include climate and weather, hydroperiod, HRT, hydraulic loading rate (HLR),
groundwater exchanges, evapotranspiration and water balances (Davis, 1995).
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2.2.3.2.1 Climate and weather
Rainfall, snowmelt, drought and temperature can affect wetland treatment (Davis, 1995). For
example, high flows caused by heavy rains decrease the efficiency of treatment wetlands as it
results in increased flow velocities and reduced HRT (Davis, 1995). High flows may dilute some
dissolved pollutants, while increasing the amount of suspended material. Minimum temperatures

limit the ability of wetlands to treat some pollutants (Davis, 1995).

2.2.3.2.2 Hydroperiod
A hydroperiod is a cycle of flooded and dry conditions that a wetland experiences (Jackson &
Myers, 2002). The hydroperiod of a wetland is as a result of the balance of inflow, outflow and
storage (Davis, 1995). A hydroperiod is influenced by evapotranspiration and the HRT (Jackson
& Myers, 2002).

2.2.3.2.3 Hydraulic residence time (HRT)
HRT is defined as the average amount of time that a parcel of water remains in the wetland prior
to exiting (Ahlers, unpub.). The HRT is the key design criterion for functions such as sediment /
toxicant removal and nutrient transformations/removal (Ahlers, unpub.). Variables affecting
HRT are soil porosity (hydraulic conductivity), water depth and plant density (Jackson & Myers,
2002). HRT is defined as:

T=VIQ
Where T = HRT (days); V = volume (cm®) and Q = average flow rate (cm*/day)

2.2.3.2.4 Hydraulic loading rate (HLR)
Hydraulic loading rate (HLR) refers to the flow rate per unit area (ITRC, 2003). It is defined as:

q=Q/A
Where q = hydraulic loading rate; Q = average flow rate (cm*/day); A = wetland area (cm?)
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Some wetlands are operated with intermittent feed, especially vertical flow wetlands (Kadlec &
Wallace, 2009). Under these conditions HLR refers to the time average flow rate (Kadlec &
Wallace, 2009).

2.2.3.2.5 Groundwater exchanges
If the wetland is properly sealed (lined), groundwater infiltration will be negligible (Davis,
1995).

2.2.3.2.6  Evapotranspiration
In subsurface CWSs, evapotranspiration occurs when water is lost to the atmosphere from
subsurface water surfaces (evaporation) and through emergent plants (transpiration) (Kadlec &
Wallace, 2009). Many macrophytes do not conserve water during hot, dry weather, and can
therefore transfer large amounts of water from the wetland into the atmosphere in summer
(Davis, 1995). If evapotranspiration rates exceed inflow rates, pollutants may be concentrated to

toxic levels and thus supplemental water is required (Davis, 1995).

2.2.3.2.7 Water balance
Water balance is an account of the inflow, outflow and storage (Davis, 1995). During design and
operation, the water balance is essential in determining the conformance with the desired limits
for HLR, HRT, hydroperiod range and mass balances (Davis, 1995).

2.2.3.2.8 Clogging of subsurface constructed wetlands
Clogging of the porous media and improper hydraulic design can cause flooding of subsurface
CWs (Kadlec & Wallace, 2009). Clogging is especially relevant in wetlands using soil for the
bed medium (Kadlec & Wallace, 2009). The cumulative physical, chemical and biological
treatment processes may cause gradual clogging of the porous media (Knowles et al., 2011).
Hoffmann et al. (2010) note that clogging in horizontal flow beds mostly occurs as obstruction of
the inlet area by suspended solids or sludge accumulation. Clogging may result in decreased
treatment performance or hydraulic malfunctions such as ponding of wastewater on the surface

of the system and bypass of untreated water (Knowles et al., 2011). Hoffmann et al. (2010) note
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that the best way to treat clogging is to control the efficiency of primary treatment. Clogging is

also minimized by using larger gravel at the inlet (Hoddinott, 2006)

2.2.3.3 Substrate
Soil, sand, rock, artificial media (Shutes, 2001) and gravel (Davis, 1995) are used as substrates in
CWs. Substrates support living organisms in wetlands and provide storage for pollutants (Davis,
1995). Many chemical and biological transformations take place within substrates and the

permeability of the substrate affects the flow of water through the wetland (Davis, 1995).

2.2.3.4 Microorganisms
According to Wetzel (1993) in Davis (1995), a fundamental characteristic of wetlands is that
their functions are largely regulated by microorganisms and their metabolisms. Microbial
biomass is thus an important sink for organic carbon and nutrients (Davis, 1995).
Microorganisms grow on the surface of soil particles and roots, where they create a highly active
biofilm (Hoffmann et al, 2010).

Some microbial transformations occur under aerobic conditions and others under anaerobic
conditions. Many species of bacteria can however function under both anaerobic and aerobic
conditions .i.e. facultative bacteria in response to changing environmental conditions (Davis,
1995). Subsurface flow CWs are designed for aerobic and facultative wastewater treatment
(Hoffmann et al., 2010). Facultative processes can occur under temporary oxygen limited /
deprived conditions whereas aerobic processes always require the presence of oxygen
(Hoffmann et al, 2010). The roles of microorganisms in CWs include the transformation of
inorganic and organic substances into innocuous or insoluble substances; altering of the redox
conditions of the substrate, which thus affects the processing capacity of the wetland; and

assisting in the recycling of nutrients (Davis, 1995).
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2.2.4 Design parameters

The design parameters for CWs are described below.

2.2.4.1 Pre-treatment
CWs are used mainly for secondary treatment (Hoffmann et al., 2010). Suspended solids, larger
particles and some organic matter need to be removed before wastewater can be treated in
subsurface flow CWs (Hoffmann et al., 2010). High concentrations of suspended solids may
cause filtration bed clogging and subsequent surface flow (Vymazal, 2002; Hoffmann et al.,
2010).

Pre-treatment in small systems usually consists of a septic or settling tank (Vymazal, 2002).
Septic tanks are widely used due to their simple construction (Hoffmann et al., 2010). Septic
tanks are designed and constructed to receive domestic wastewater, in which two processes take
place, namely, settling of solids and the decomposition of the accumulated solids by anaerobic

digestion (Nguyen et al., 2007).

2.2.4.2 Surface area
There are various methods used to size CWs. Examples include simple rule of thumb methods
and computer modelling. According to Vymazal (2001) cited in Vymazal (2002), most CWs are
sized for sufficient organic matter and suspended solids removal. Kickuth (1977) cited in
Vymazal (2002) first proposed the following equation, which has been widely used for the sizing

of CWs for domestic and municipal wastewater treatment:

Ap=Q4(InCi—In Cy) / Kgop

Where Ay, = surface area of the bed (m?); Qq = average flow (m*d™); C; = influent BODs (mg/l);
C, = effluent BODs, and Kgop = rate constant (md™). Kickuth (1977) proposed a Kgop value of
0.19. Results from full-scale systems in Denmark and the United Kingdom however show that
making use of this value for Kgop resulted in systems with insufficient surface area to meet the

required effluent parameters (Vymazal, 2002). The Kgop rate thus varies for different CWs as a
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result of influence or biodegradability of the influent and the type of media used (Frazer-
Williams, 2010).

The rule of thumb method is a simple method for sizing CWs. In the Czech Republic, an area for
CWs of 5 m? per person equivalent (P.E) is used as a rule of thumb (Vymazal, 2002). The area
required per person however on its own is not sufficient for sizing CWs, this parameter can
however be used in order to obtain a first indication of area requirements (Hoffmann et al.,
2010).

2.2.4.3 Aspect ratio
The aspect ratio (length: width ratio) of the CW is calculated using Darcy’s Law (Hoddinott,
2006).

Ac = Qs/ [Ks(DH / ds)]

Where A, cross-sectional area of the bed (m?); Q,, average flow (ms™); Ky, hydraulic activity of

the media (ms™); dH / ds, slope (mm™).

According to Kadlec & Wallace (2009), theoretically a CW with a higher aspect ratio is not
better than one with a lower aspect ratio, as long as the water flow is distributed effectively. It
has however been speculated that long, narrow flow paths are closer to plug flow conditions
when compared to shorter, wider flow paths (Kadlec & Wallace, 2009). Many CWs are built
with a low aspect ratio (less than 2) and many have an aspect ratio less than 1 (Vymazal, 1998a,
b cited in Vymazal, 2002); the reason for using a low aspect ratio is to distribute wastewater to as

wide a profile as possible so as to avoid clogging in the inlet zone (Vymazal, 2002).

2.2.4.4 Substrate / filtration media
The provision of a suitably permeable substrate in relation to hydraulic and organic loading is the
most essential design parameter for subsurface flow wetlands (Hoffmann et al., 2010).
According to Vymazal (2002), the requirements for the filtration media are to: (1) facilitate

macrophyte growth, (2) provide a high and sustainable filtration effect and (3) maintain high
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hydraulic activity (flow). Vymazal (2002) notes that in the early 1970s and 1980s, CW systems
used soil as a substrate, which only fulfilled the first two requirements and which then resulted in
surface flow and lower treatment efficiency. He notes that in the late 1980’s, coarse materials
(gravel and gravel-sand) were introduced in the UK, which then resulted in all three

requirements being met.

2.2.4.5 Vegetation
Tanner (1996) lists the following requirements for plants that are used in CWs: (1) ecological
acceptability (no significant weed or disease risks or dangers to ecological and genetic integrity
of surrounding ecosystems; (2) tolerance of local climatic conditions, pests and diseases; (3)
tolerance of polluted water and waterlogged conditions; (4) ready propagation and rapid
establishment, spread and growth and (5) a high pollutant removal capacity, either directly or
indirectly by enhancement of microbial transformations such as nitrification (root release of

oxygen) and denitrification (production of carbon substrates).

Furthermore, Hoffmann et al. (2010), suggest that plants with extensive root and rhizome
systems below ground be used as well as plants that are able to withstand shock loads and dry
periods. Examples of plants that are used in subsurface CWs include common reed (Phragmites
australis), broad-leaved cattail (Typha latifolia), papyrus sedge (Cyperus papyrus), canna lily

(Cannas spp.) (Hoffmann et al., 2010).

2.2.4.6 Sealing the bed
According to Hoffmann et al. (2010), a plastic liner, clay layer or concrete base can be used to
seal the bed at the base. Plastic liners include inter alia polyvinyl chloride (PVC), polyethylene
(high density HDPE and linear low LLDPE) and polypropylene (PPE) (ITRC, 2003). When
existing soils or clay that can provide adequate seal are available at the site, compacting these
may be sufficient to line the wetland (Davis, 1995).

The purpose of lining the wetland is that it prevents exfiltration of wastewater from the wetland
as well as the infiltration of groundwater into the system (Steiner & Watson, 1993). Exfiltration

pollution may result in cases where an adequate water level is not assured for the maintenance of
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wetland vegetation, whereas infiltration may result in the event that the retention time needed for

wastewater treatment is reduced (Steiner & Watson, 1993).

2.2.5 Removal mechanisms in wetlands
The active reaction zone of CWs is the rhizosphere, as this is where the physiochemical and
biological processes occur as a result of interactions between plants, microorganisms, the soil
and pollutants (Stottmeister et al., 2003). CWs are able to remove a wide array of pollutants,
including organic matter (measured as BOD and COD), suspended solids, nutrients, metals and
pathogen. This literature review will however only focus on nutrients (nitrogen and phosphorus)

and pathogen removal as these pollutants are the focus of the research.

2.2.5.1 Nitrogen removal processes
Nitrogen concentration is a concern as it has the potential to cause adverse impacts on receiving
aquatic systems (Lee et al.,, 2009). In CWs, nitrogen removal is accomplished via
physiochemical and biological treatment processes (Lee et al., 2009). The most important
inorganic forms of nitrogen in wetlands include ammonia, nitrite, and nitrate, dinitrogen, nitrous

oxide, (Kadlec & Wallace, 2009). Nitrogen removal processes are discussed below:

2.2.5.1.1 Ammonification
Ammonification is the biological conversion of organic nitrogen to ammonia (Lee et al., 2009).
The process occurs under both aerobic and anaerobic conditions (Kadlec & Wallace, 2009).
Ammonia is converted from organic forms via a complex, energy-releasing biochemical process
(Vymazal, 2007). Sometimes, microbes use the energy released for growth and the ammonia is

incorporated into the microbial biomass (Vymazal, 2007).

Ammonification rates are fastest in the oxygenated zone and decrease as mineralization switches
from aerobic to facultative anaerobic and obligate anaerobic bacteria (Vymazal et al., 1998). The
rate of ammonification is dependent on temperature, pH, C / N ratio, available nutrients and soil
structure (Reddy & Patrick, 1984). The optimal temperature for ammonification is between 40
and 60 °C and the optimal pH is between 6.5 and 8.5 (Reddy & Patrick, 1984).
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2.2.5.1.2 Nitrification
As a result of the decomposition process in wetlands, a significant portion of organic nitrogen is
converted to ammonia (Mayo & Mutamba, 2004). Nitrification is defined as the biological
oxidation of ammonium to nitrite and then nitrate (Reddy & Patrick, 1984). Nitrification, which
is undertaken by nitrifiers such as Nitrosomonas, Nitrospira and Nitrobacter, followed by
denitrification, is regarded as the most important pathway for ammonia removal in CW systems
(Gersberg et al., 1985; Kadlec & Knight, 1996 cited in Lee et al., 2009). Nitrification is a
chemoautotrophic process (Reddy & Patrick, 1984) in which nitrifiers obtain energy from the
oxidation of ammonia and / or nitrite and use carbon dioxide as a carbon source (Vymazal,
2007). Keeney, 1973 and Paul & Clark, 1996 cited in Kadlec & Wallace (2009), note that
although nitrification has typically been associated with chemoautotrophic bacteria,
heterotrophic nitrification also occurs and can be of significance. Nitrification implies the
oxidation of ammonia to nitrate under aerobic conditions and involves a two step process (Lee et
al., 2009). The first step in the process involves the oxidation of ammonium to nitrite and is
undertaken by chemolithotrophic bacteria, which are entirely dependent on ammonia for the
production of energy for growth (Vymazal et al., 1998). Lee et al. (2009), note that
Nitrosomonas is the most recognized genus for ammonia oxidation. The second step in the
nitrification process, which encompasses the oxidation of nitrate to nitrate is undertaken by
facultative chemolithotrophic bacteria which are also able to use organic compounds, in addition
to nitrate, for the production of energy for growth (Vymazal, 2007). Nitrobacter is the most

recognized genus for nitrogen oxidation (Lee et al., 2009).

The rate of nitrification is influenced by temperature, alkalinity, pH, inorganic carbon source,
moisture, microbial population and concentrations of ammonia-N and dissolved oxygen (Lee et
al., 2009). The ideal temperature for nitrification is from 30 to 40 °C and the pH from 7.5 to 8.6
(Vymazal et al., 1998)

2.2.5.1.3 Denitrification
Denitrification is a heterotrophic process whereby nitrate is converted to nitrogen gas by
denitrifying organisms (Dincer & Kargi, 2000). Intermediate products in this process include

nitrite, nitrogen oxide (NO) and nitrous oxide (N2O) (Bashkin & Howarth, 2002).
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Virtually all denitrifiers are chemoheterotrophs (Murray et al., 1990). Heterotrophic bacteria use
an oxidized form of nitrogen as a terminal electron acceptor, and organic carbon as an electron
donor (Lee et al., 2009). The resultant free energy is then conserved in Adenosine triphosphate
(ATP), following phosphorylation and is used by denitrifiers to support respiration (Vymazal et
al., 1998).

Sufficient organic compound is also needed as an energy source for denitrifiers (Lee et al.,
2009). In CWs the carbon source is provided by organic pollutants of wastewater or
microorganism cell materials (Lee et al., 2009). By supplementing organic-limited wastewater

with a carbon source, the denitrification rate can be enhanced (Killingstad et al., 2002).

Many authors refer to denitrification as an anaerobic process (e.g. Verhoeven & Meuleman
1999). According to Hauck (1984) cited in Vymazal (2007), denitrification is undertaken mainly
by facultative anaerobic heterotrophs that substitute oxidized N forms for O, as electron
receptors in respiratory processes. This process follows aerobic biochemical routes (Hauck, 1984
cited in Vymazal, 2007). For the reasons above, according to Hauck (1984) cited in Vymazal
(2007) it is misleading to refer to denitrification as an anaerobic process, as it takes place under
anoxic conditions. Aerobic denitrification has also recently been discovered (Robertson et al.,
1995 cited in Kadlec & Wallace, 2009).

According to Lee et al., (2009), the proportion of nitrogen removal by denitrification is typically
from 60 to 95% compared to 1 to 34% taken up by plants and algae. Denitrification rates are
influenced by nitrate concentration, microbes, type and quality of organic carbon source,
hydroperiods, different plant species residues, the absence of oxygen, redox potential, soil
moisture, temperature, pH value, and the presence of overlying water (Sirivedhin & Gray, 2006;
Vymazal, 1995; Bastviken et al., 2005 cited in Lee et al., 2009). The optimum pH range is
between 6 and 8 and the optimum temperature between 60 °C and 75 °C (Vymazal, 2007).
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2.25.1.4 Anammox (anaerobic ammonium oxidation)

Lee et al. (2009) notes that anammox provides a potential alternative process for improving total
nitrogen removal. According to Mulder et al. (1995), anammox is the anaerobic conversion of
NO,and NH4" to N,. In this process, which occurs under anaerobic conditions, ammonium is
autotrophically oxidized to nitrogen gas with nitrite acting as an electron acceptor (Lee et al.,
2009). According to van de Graaf et al. (1996), nitrate can also act as an electron acceptor.
Anammox bacteria include Candidatus brocadia anammoxidans, Planctomycetes spp.,
Thiobacillus senitrificans, Thiomicrospira denitrificans, Thiosphaera ponotropha, and
Paracoccus denitrificans (Lee et al., 2009).

2.2.5.1.5 Plant uptake and assimilation
According to Vymazal, 2007, the potential of emergent plants to take up nitrogen is quite low in
CWs, but plant uptake is the major nitrogen removal process in CWs with free-floating
macrophytes. Plants require nutrients for reproduction and growth. As wetland plants are highly
productive, a considerable amount of nutrients can be bound in biomass (Brix, 1997). Nitrate and
ammonium are readily taken up by plants at the root zone (California State University, 2009).
This uptake of nutrients by plants converts inorganic forms of nitrogen into organic forms that
can be used for cell and tissue growth (Vymazal, 1995). Various plant species differ in the
preferred forms of nitrogen absorbed, depending on the available forms of nitrogen in the
wetland (Lee et al., 2009). According to Atkin (1996), most plants are capable of absorbing any
form of soluble nitrogen. Desirable traits for plants used in nutrient assimilation and storage is
fast growth, high tissue nutrient content and the ability to obtain a high standing crop (Lee et al.,
2009). In order to remove nitrogen from wetlands, plant biomass is required to be harvested, as a
vast majority of the nutrients incorporated into the plant tissue will be returned to the water by

decomposition processes (Vymazal et al., 1998).

2.2.5.1.6 Ammonia adsorption
lonised ammonia may be adsorbed from solution through cation exchange with detritus,
inorganic sediments or soils (Vymazal, 2007). Adsorbed ammonia is bound loosely to substrates

which allow it to be easily released when the chemistry conditions of the water change (Lee et
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al., 2009). Nitrification reduces the concentration of ammonia in the water column; as a result
some ammonia will be adsorbed to gain equilibrium with the new concentrations and thus if the
ammonia concentration in the water column is increased, adsorbed ammonia would also increase
(Vymazal, 2007). If the wetland substrates are exposed to oxygen, adsorbed ammonium may be
oxidized to nitrate by periodic draining (Sun et al., 2005; Sun et al., 2006; Kim et al., 2006 cited
in Lee et al., 2009).

2.2.5.1.7 Sedimentation
Most particulate organic nitrogen in CWs is removed by sedimentation (Taylor et al, 2005).
Particulates may settle out on the wetland floor or adhere to plant stems (Lee et al., 2009).

2.2.5.2 Phosphorus removal
Phosphorus in wetlands occurs as phosphate in organic and inorganic compounds (Reddy et al.,
2005). Free orthophosphate is the only form of phosphorus that is used directly by algae and
macrophytes and thus represents a major link between organic and inorganic phosphorus cycling
in wetlands (Vymazal, 2007). Wetlands provide an environment suitable for the transformation

of all forms of phosphorus (Vymazal, 2007). Phosphorus removal processes are discussed below:

2.2.5.2.1 Soil adsorption and precipitation
Adsorption refers to the movement of soluble inorganic phosphorus from soil pore water to soil
mineral surfaces, where it then collects without penetrating the soil surface (Vymazal, 2007).
Precipitation refers to the reaction of phosphate ions with cations Fe, Mg, Ca and Al (Vymazal,
2007). In acidic soils inorganic phosphorus is adsorbed on hydrous oxides of Fe and Al and may
precipitate as insoluble Fe-phosphates and Al-phosphates (Reddy & D’ Angelo, 1997). In
alkaline soils, precipitation as insoluble Ca-phosphates occurs (Reddy & D’ Angelo, 1997).

2.2.5.2.2 Plant uptake
Plants absorb phosphorus through their roots, which is then transported to their growing tissues
Vymazal et al., 1998). Plants and microbiota are able to use phosphorus rapidly because it is a
limiting nutrient (Catts, unpub.). According to Boyd, 1969 & Vymazal, 1995 cited in Vymazal
(2007), plant uptake of phosphorus is usually highest during the growing season. Catts (unpub.)
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notes that emergent macrophytes typically have extensive rhizome and root systems, providing
plants with the ability to store large amounts of phosphorus. Similarly to nitrogen, in order to
remove phosphorus from wetlands, plant biomass is required to be harvested (Vymazal et al.,
1998).

2.2.5.2.3 Microbiota uptake
Microbiota includes bacteria, fungi, algae and microinvertebrates. Microbiota have a much
higher rate of phosphorus uptake compared to plants because they grow and multiply at higher
rates (Catts, unpub.). Vymazal (2007) notes that the amount of phosphorus stored by microbiota
is very small and that storage is only temporary as any phosphorus which has been taken up by
microbiota is released back into the system after decay.

2.2.5.3 Pathogen removal
Pathogens found in wastewater include bacteria (e.g. E. coli, Salmonella typhi, Vibrio cholera,
Shigella, Legionella, Leptospira, Yersinia), protozoa (e.g. Entamoeba, Giardia and
Cryptosporidium), helminths (intestinal worms) [e.g. Ascaris, Enterobios, Taenia, Schistosoma,
Trichuris, Fasciola] and viruses e.g. Adeno-, Entero-, Hepatitis A-, Polio-, Rota-, Norwalk Virus
(WHO, 2006 cited in Hoffmann et al., 2010).

CWs provide a suitable combination of biological, chemical and physical factors for the potential
removal of pathogens. Physical factors include mechanical filtration, sedimentation (Vymazal et
al., 1998) and absorption (Hoffman et al., 2010). Chemical removal mechanisms include
oxidation, UV radiation and exposure to biocides excreted by some plants and adsorption to
organic matter (Vymazal et al., 1998). Biological removal includes antibiosis’, predation and
natural die-off (Seidel et al., 1978; Hyde & Ross, 1984; Gersberg et al., 1989; Cooper et al.,
1986 cited in Vymazal et al., 1998).

" An association between two or more organisms that is detrimental to at least one of them
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2.2.6 Removal efficiencies

2.2.6.1 Nitrogen removal
Nitrogen removal percentages are mainly dependant on temperature, HRT and loading rate
(Rousseau et al., 2008; Lee et al., 2009). According to Lee et al. (2009), HRT is a critical factor
for nitrogen removal, which often requires a longer retention time compared to COD and BOD
removal. Studies by Huang et al. (2000) showed that ammonium and TKN concentrations
decreased dramatically with an increase in HRT. Experiments undertaken by Akratos &
Tsihrintzis (2007) showed that generally efficiency of CWs to treat wastewater decreases with an

increase in HLR, as higher loading implies smaller HRT and thus lower removal efficiency.

Nitrogen removal may also be affected by coarseness of soils. According to Geller et al. (1990),
nitrogen removal through adsorption is always more effective in fine-grained soils than in
coarse-grained soils. Vymazal (2005) explains that this is because fine-grained soils have a
higher cation exchange capacity. He also notes that fine-grained soils are often not used in
horizontal flow systems as a result of their poor hydraulic conductivity and that adsorption

capacity of the common media used is limited.

Temperature is a key environmental factor as it is important for the activities of nitrifying
bacteria and the denitrification of CWSs (Langergraber, 2007 cited in Lee et al., 2009).
Temperature affects both microbial activity and oxygen diffusion rates (Phipps & Crumpton,
1994 cited in Lee et al., 2009). Studies by Akratos & Tsihrintzis (2007) showed an increase in
removal efficiency of TKN and ammonia with an increase in temperature. Other factors include
vegetation type, pH, dissolved oxygen concentrations and the hydroperiod of the wetland (Lee et
al., 2009).

Denitrification is considered to be the major removal process for nitrogen in most types of CWs
(Vymazal, 2007). In wastewater, the concentrations of nitrate are usually low and therefore

denitrification must be coupled with nitrification (Vymazal, 2007). As a result of their limited
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oxygen transfer capacity, HF CWs do not provide good conditions for nitrification (Vymazal,
2007). According to Vymazal (2005), field measurements have shown that oxygenation of the
rhizosphere in horizontal flow CWs is not sufficient, resulting in incomplete nitrification.
According to Zhu & Sikora (1994), no obvious nitrification could be observed when dissolved
oxygen concentration is lower than 0.5 mg/Il. Denitrification however can be very efficient, even
at low carbon to nitrogen ratios. In contrast to this, VF CWs provide good conditions for
nitrification; however denitrification does not occur (Vymazal, 2005). There has thus been a
growing increase in hybrid systems, in which the advantages of both systems can be combined to

complement each other (Vymazal, 2005).

Vymazal (2002) compared the treatment efficiency of subsurface CWs to remove nitrogen in the
Czech Republic with several other countries. He noted that total nitrogen removal efficiency
averaged 41.6% compared to 42.9% in Denmark (Schierup et al., 1990b; Brix, 1994b, cited in
Vymazal, 2002), 55.6% in North America (Kadlec & Knight, 1996 cited in Vymazal, 2002),
24.5% in Poland (Kowalik & Obarska-Pempkowiak, 1998) and 40.3% in Sweden (Sunblad,
1998). Keffala & Ghrabi (2005) set up a laboratory experiment to determine the nitrogen
removal efficiency of various types of CWSs. With regard to subsurface CWs, the following

average removal efficiencies were reported; TKN, 2%; NH4*, 0% and NO, / NO3’, 27%.

2.2.6.2 Phosphorus removal
Subsurface flow in CWs often has a greater potential to remove nitrogen than phosphorus
(Vymazal et al, 1998a in Arias et al., 2001). According to Arias & Brix (2004), the capacity of

CWs to remove phosphorus is an issue that has not been satisfactorily solved.

Biota are not capable of removing significant amounts of phosphorus (Gray et al., 2000). The
potential for CWs to remove phosphorus is limited and highly dependent on the nature of the
substrate, due to the phosphorus saturation of the media and consequently the reduction in
phosphorus removal efficiency (Arias & Brix, 2004). Other factors that may reduce efficiency
include the growth of biofilm attached to the media, which may reduce the contact time between
the material and water, and the inhomogeneous nature of the media, which does not guarantee

consistent performance of the system (Arias & Brix, 2004). According to Gray et al. (2000), it
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has been found that the choice of substrate is important for maximizing phosphorus removal.
According to Watson et al. (1989); Mann (1990) cited in Brooks et al. (2000), substrates are
often selected based on local availability and particle size for reduced clogging, without
consideration for their capacity to remove phosphorus. Vymazal (2004) argues that the limited
ability for subsurface CWs can be attributed to the fact that the substrate used in these systems
often does not contain adequate concentrations of Ca, Fe or Al. Numerous studies have been
done to determine the ability of various media to remove phosphorus (e.g. Arias et al., 2001,
Brooks et al., 2000; Brix et al., 2001; Arias & Brix, 2004).

The only sustainable phosphorus removal mechanism is plant uptake and harvesting (Lantzke et
al., 1998; Arias et al., 2001). The amount of phosphorus that can be removed by harvesting of
plants only constitutes a small amount of the phosphorus loaded into the system (Brix, 1994a;
1997). Plants in subsurface wetlands can accumulate only less than 15% of the removed
phosphorus at peak standing crop (Vymazal, 2001 cited in Vymazal, 2004). Furthermore, plants
are usually not harvested, and therefore any phosphorus that has been taken up will be leached
out during senescence® (Vymazal, 2004).

According to Richardson et al (1997), phosphorus removal mechanisms in subsurface wetlands
(soil adsorption and precipitation, plant uptake, microbiota uptake) offer short term storage with
a finite capacity. Once these short-term storage components have reached their capacity, they

will no longer function effectively as storage areas (Richardson et al., 1997).

The poor phosphorus removal was illustrated in a gravel-based system used in Richmond,
Australia in which the removal efficiency declined after only 1 - 2 years of operation (Mann &
Bavor, 1993 cited in Xu et al., 2006). Similarly, Kadlec & Knight (1996) cited in Xu et al.
(2006) showed that initial phosphorus removal rates from wetland systems in the United States
are often above 90% but decline sharply after 4 - 5 years of cumulative phosphorus additions. A
study by Vymazal (2004) examined phosphorus removal from horizontal sub-surface flow CWs
in the Czech Republic from 1992 to 2001. The results of the study showed that the phosphorus

8 Senescence is a time during the winter months when the reeds stop growing and die-back to the roots.
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removal in horizontal flow CWs was generally low at less than 50%. The poor removal shown in
these examples is attributed to the limited phosphorus sorption capacity of the substrate (Xu et
al., 2006).

As a means to overcome phosphorus removal limitations, several alternatives have been
suggested. These include construction of the whole system with chemically enriched media that
is capable of removing phosphorus; pre-treatment in which chemical precipitation is undertaken
and the removal of phosphorus in separate specific granular media filtration units (Arias & Brix,
2004).

2.2.6.3 Pathogen removal
Faecal coliforms, including E. coli, are common indicator organisms used to assess water quality
and to determine the presence of pathogens that may cause illness and disease in humans
(Jamieson et al., 2004 cited in Boutilier et al., 2009). Subsurface flow CWs show removal
efficiencies close to 100% for coliform and other bacteria (Barry et al., 2001 cited in Hoddinott,
2006). Decamp & Warren (2000) carried out experiments to investigate E. coli removal rates in
various designs of pilot and laboratory - scale subsurface flow CWs. The following removal rates
were reported for pilot scale systems; gravel based systems, 98.9% (planted) and 96.6%
(unplanted); soil based system, 97.1% (planted) and 96.9% (unplanted). Removal rates for
laboratory - scale systems were variable, ranging between 41% and 87%. The lower removal
efficiency rates for laboratory - scale systems were attributed to a combination of lower retention
time and less efficient microbial communities (Decamp & Warren, 2000). According to Netter
(1993) cited in Decamp & Warren (2000), there is a direct relationship between E. coli removal
and retention time in CWs. In terms of correlation between coliform removal and HLR, studies

undertaken by Frazer — Williams (2010) determined that a weak relationship exists.

2.3 Conclusion

Increasing environmental concerns coupled with the need for efficient and low cost wastewater
treatment, especially in isolated areas, has resulted in a greater interest in alternative wastewater

treatment methods such as CWs. Research has shown that CWs are able to remove pollutants
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such as nutrients and pathogens. Many successes have been reported. However, these results also
show variable performances as well as underperformances in some instances. This may be
attributed to the fact that some of these systems are overloaded, inappropriately designed or

unmanaged, thus emphasising the need for comprehensive design criteria.
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3 RESEARCH METHODS

The aim of the research project is to determine the performance of constructed wetlands (CWs)
in treating domestic wastewater in peri-urban / rural settings of the Western Cape, South Africa.
The research sought to measure the ability of purpose built CWs to reduce or limit the
throughput of excessive nutrients and to reduce the bacterial load so as to meet the Department
of Water Affairs (DWA’s) wastewater discharge standards. This chapter discusses the research

methods used in order to achieve the aim and associated objectives of the research.

The research design comprised the collection of primary and secondary data. Primary data were
collected by undertaking field studies to obtain water quality information at selected sampling
points in the period between July and October 2011. This data could then be used to determine
the performance of constructed wetland (CW) systems. Secondary data were collected by way of
interviews with the landowners and those responsible for the design and construction of the CW
systems.

Field studies were conducted at selected sites to study the performance of CW systems in the
treatment of domestic wastewater. The three sites selected are located in the Western Cape. The
CWs that have been constructed at these sites are sub surface flow (SSF) CWs and are small
scale systems (<125 people). These systems are being used to treat domestic wastewater

(comprising black water and greywater) to a secondary level of treatment.

The field studies included water quality monitoring to determine the quality of water before and
after entering the CWs. Water quality of the influent was compared with that of the effluent as an
indication of the performance of each system. The effluent quality was also compared to DWA’s
effluent standards for discharge into a freshwater resource. Furthermore, since the treated
effluent was eventually released into freshwater systems, it was necessary to determine whether
the discharge from these treatment systems impacted on the receiving water bodies. It was
therefore also necessary to monitor nearby culverts, streams and vleis (lakes) into which the
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treated water was discharged. The water quality was then compared to the relevant South African

water quality guidelines.

Information collected during the study included design information of each system that was
gathered from meetings, site visits and e-mail correspondence with the developer and landscape
architect. The design of these systems differs in terms of inter alia surface area and bed
configuration, aspect ratio, depth of the bed, slope, flow rate, volume of water entering the
system, plant species and plant density. Given these differences the study makes no attempt to

compare these systems with each other.

Pilot studies were conducted to test the logistics and gather information prior to actual sampling
and to improve the ability to monitor each of the selected systems.

The rest of the chapter will discuss the detailed method that was used to undertake the research.

The chapter focuses on project initiation, sampling, laboratory analysis and data analysis.

3.1 Projectinitiation

3.1.1 Site selection
A site selection meeting was held with the landscape architect responsible for the planting of the
CWs selected in this study and in other CWs in the Western Cape. A list of all these sites was
provided and considered. The list included sites where CWs were being used to treat winery,
agricultural and domestic wastewater. As the project only focused on the use of CWs for treating
domestic wastewater, this list was narrowed down to three sites, namely De Goede Hoop Estate
(Noordhoek), Wolwedans Farm (Stellenbosch) and Babylonstoren Farm (Simondium). Each of

these sites will be explained in detail.

3.1.2 Secondary data collection
Once the sites were selected, information about the sites and CWSs was collected. Information

was gathered via e-mail correspondence and during meetings held with the landscape architect
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and the engineer who designed the systems. They were able to provide a reasonable level of
detail on the design of the systems as well as contact details of the landowners at the selected
sites. The landowners / farm managers were then contacted and informal meetings were held
with each of them. The purpose of these meetings was to obtain further information about each

of the CWs, water consumption and previous water quality results that were available to them.

3.1.3 Sample point selection
All the sites were visited prior to selecting sampling points within each system. The landowners
and engineer also provided input and advice in the selection of sampling points within each
system. As a general rule it was decided that sampling points must include at least one point
within the system where wastewater entered the CW; where the treated wastewater left the
system; and at a stream / culvert / vlei into which treated effluent was released. Four or five
sample points were selected for each site.

3.1.4 Variable selection
The variables chosen for sampling / analysis in this study included selected nutrients and E. coli.
The nutrients selected included ammonia (NHs; ionised and un-ionised forms), nitrate (NOgy),
nitrite (NO") and orthophosphate (PO,*). These nutrients were chosen primarily as a result of
the concern regarding high levels of nutrients (especially nitrogen and phosphorus- containing
compounds) that enter water sources and that may cause eutrophication. E. coli was used as a
pathogen indicator and considered important to measure because of the concerns related to the
possible impacts of pathogens on downstream water quality. These variables are also comparable
with studies undertaken by other researchers. While chemical oxygen demand (COD) and
biological oxygen demand (BOD) are also important parameters as they determine the amount of
organic pollutants in the water, these did not form part of variable selection as a result of cost

constraints associated with laboratory analysis.

Secondary variables that were measured included electrical conductivity, total dissolved solids,
temperature and pH. These variables assisted in providing background information with regard
to the physical properties of the water/wastewater (Appendix 2). Furthermore, the volume of

water and flow rate of the water passing through the systems were also recorded. However, as
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the water meter at Babylonstoren stopped working, the water volume and thus the flow rate

could not be obtained for this site.

3.1.5 Pilotstudies
Pilot studies were undertaken in which preliminary sampling was undertaken at the sites. This
involved sampling of all of the points and undertaking laboratory analysis on the samples. The
pilot studies assisted with identifying problems prior to the actual sampling and helped to

determine where to select the sampling points.

3.2 Study area

The study area comprises three sites located on the periphery of Cape Town, Western Cape.
These sites include a single household at De Goede Hoop Estate (GPS co-ordinates:
34°05°21.58°S, 18° 22°12.94’E) in Noordhoek, Wolwedans Farm in Stellenbosch (GPS co-
ordinates: 33°55°25.37”S, 18°47°24.81”E) and Babylonstoren Farm in Simondium.
(33°49°24.12S, 18°56°8.67”E). A map shows the study sites in relation to each other (Figure 5

50



Legend

SITES
*

RIVERS

CAPE TOWN

RELIEF

LAND USE AREA

LAKES

10000

20000 m

v
Figure 5: Locality map of the study area

3.2.1 De Goede Hoop Estate
De Goede Hoop is a security estate located in Noordhoek (Figure 6). The estate comprises a
number of properties. This study however only included a single property within the estate. The
CW located at the site treats domestic wastewater from one household, approximately 6-15
people (includes workers and guests). On average, 50 000 L of water is used per month. An
Invensys water meter supplied by Balamanzi was installed to determine more accurately how

much water passes through the CW system.
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Figure 6: Location of De Goede Hoop Estate, Noordhoek

The wetland was constructed in September 2009 and planted with a variety of plant species.
Cyperus textilis was planted in a snake-like pattern, and other plants planted around these (Figure
TFigure ). Other plants used include Schoenoplectus scirpoides, Cyperus dives, Cyperus papyrus,
Cyperus thunbergii, Calopsis paniculata, Wachendorfia thyrsiflora, Pennisetum macrourum,
Chondropetalum tectorum, Orphium frutescens, Juncus krausii, Elegia capensis, Psoralea

pinnata, Juncus effuses, Carex clavata, Isolepis prolifer.

The system was designed to have an average flow rate of 2 000 L per day and a peak flow rate of
4 000 L per day. The theoretical HRT is two days. The CW is rectangular in shape with an area
of approximately 100 m?. The CW is lined with clay with approximately 300 mm of recycled

rubble (comprising 19 mm pieces of brick, ceramics, marble and granite) forming the substrate.

Sewage and greywater flows by gravity to a primary sedimentation tank, which comprises two

chambers. Solid materials settles and are retained in a primary sedimentation tank. Solid-free
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effluent then overflows from the primary sedimentation tank to a pump sump which in turn feeds
a bioreactor. Whilst the bioreactor is filling, wastewater is continuously aerated. During the
aeration cycle, the biomass is completely mixed and biodegradable COD degradation and
nitrification occurs. At predetermined times, the aeration cycle ends and a period is then allowed
for biomass settlement. From the bioreactor, wastewater is pumped into the CW. The water then
enters a recirculation pond. Water from the recirculation pond is then recycled back into the CW.
Some of the water from the recirculation pond is piped into a constructed pond approximately 5
m southwest of the CW. This activity occurred during the first four sampling sessions, thereafter
the landowner reverted back to the previous closed system, in which all treated wastewater was
circulated back into the CW. Treated effluent in the CW then either evaporates or enters the

groundwater. For a graphical representation of water flow through the system, refer to Figure 12.
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Figure 7: Constructed wetland at De Goede Hoop Estate (western view)

3.2.2 Wolwedans Farm
Wolwedans Farm, located in Stellenbosch (Figure 8) is a wine farm and consists of farm houses,
a number of workers’ cottages as well as other buildings. The CW (Figure 9) located at the site
treats domestic wastewater from five households, an office (has one toilet, a washbasin and
kitchen sink) and three storerooms (six toilets, two showers and nine washbasins in total).

Workers cottages are not linked to the CW system.
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Accurate information could not be obtained about water consumption. This is because the main
source of the water used was extracted from a borehole which was not metered. On average,
approximately 120 000 L of water is used per month during winter, this is lower compared to
summer time when approximately between 150 000 — 180 000 L of water is used per month
(these estimations were provided by the landowner). An Invensys water meter supplied by

Balamanzi was used to determine the volume of water passing through the system.
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Figure 8: Location of Wolwedans Farm, Stellenbosch

The system was constructed in 2007 and planted with a variety of plant species. The plants used
included Elegia capensis, Cyperus textilis, Cyperus papyrus ‘nana’, Psoralea pinnata, Cyperus
dives, Juncus krausii, Juncus effuses, Carex clavata, Scirpus nodosus, Pennisetum macrourum,
Chondropetalum tectorum. Rosemary was planted around the edge of the CW to act as a barrier

to prevent people from accessing the CW area.
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The system was designed to have an average flow rate of 1 100 L per day and a peak flow rate of
3 300 L per day. The theoretical HRT is two days. The CW is circular in shape with an area of
approximately 110 m? The CW is lined with plastic. Approximately 1 m of recycled rubble

(comprising 19 mm pieces of brick, ceramics, marble and granite) form the substrate.

Pre-treatment includes solids collection in septic tanks. Each household has a separate septic
tank. Solids from the septic tank are treated with Sanitree’s organic breakdown granules on a
monthly basis. Overflow from the septic tanks are piped underground to a storage tank. From
there wastewater is periodically pumped to an aeration tank. A quantity of this wastewater is then
periodically drained to the CW. The wastewater then works its way through the CW. The treated
water then works its way by gravity to the centre of the CW from where it is drained to a storage
dam. During dry times water is pumped from the storage dam to the clean water dam to
supplement the inflow from springs. The water from the clean water dam is used to irrigate the
gardens and fill spraying equipment. About 800 m from the storage dam is a vlei which receives
the storage dam water overflow. It should be noted that additional septic tank water (i.e. no CW
treatment) from workers’ cottages also enters this vlei area. However, prior to flowing into the
vlei area, this water is captured in a French drain, and then overflows into a grassed trench. For a

graphical representation of water flow through the system, refer to Figure 13.

Figure 9: Constructed wetland at Wolwedans Farm (southern view)
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3.2.3 Babylonstoren Farm
Babylonstoren Farm, located in Simondium (Figure 10) is a fruit and wine farm which comprises
work houses as well as several guesthouses for visitors. The CW (Figure 11) located at the site
treats domestic wastewater from 25 work houses and 12 guest houses. On average, 319 000 L of
water is used per month (based on January — December 2010 period). For two months of the year
(February and March), wastewater from the wine cellar is also treated in the CW.
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Figure 10: Location of Babylonstoren Farm, Simondium.

The system was constructed in February 2009 and planted with a variety of plant species. The
plant species used include Wachendorfia thyrsoides, Calopsis paniculata, Carex clavata, Juncus
krausii, Juncus effuses, Orphium frutescens, Cyperus papyrus, Cyperus textiles, Cyperus dives, Psoralea
pinnata, Chondropetalum tectorum, Schoenoplectus scirpoides, Scirpus nodosus, Isolepis prolifer.

Rosemary was planted around the edge of the CW to separate it from a plum plantation.
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The system was designed to have a design peak flow rate of 50 000 L per day (sewage flow,
36 000 L and cellar flow, 14 000 L). The theoretical HRT is four days. The CW has a square
shape; however the water flows only along the perimeter of the square in an area of
approximately 140 m?. The CW is lined with clay with a layer of recycled rubble (comprising 19

mm pieces of brick, ceramics, marble and granite) forming the substrate.

Wastewater from a septic tank is discharged by gravity to a two chambered primary
sedimentation tank. Solid materials then settle and are retained in a primary sedimentation tank.
Solid-free effluent is then pumped into a bioreactor. During the aeration cycle, the biomass is
completely mixed and biodegradable COD degradation and nitrification occur. At the end of the
aeration cycle, a period is then allowed for biomass settlement. Treated effluent is then pumped
from the bioreactor to the start of the CW. The treated effluent then works its way through the
CW and exits via a subsurface pipe, which leads to the adjacent culvert. Water from the culvert
eventually leads into the Berg River approximately 2.2 km away. For a graphical representation

of water flow through the system, refer to Figure 15

Figure 11: Constructed wetland at Babylonstoren Farm (southeastern view)

A comparison of the three study sites is provided in Table 6:
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Table 6: Comparison of the study sites

Site De Goede Hoop Estate Wolwedans Farm Babylonstoren Farm
Location Noordhoek Stellenbosch Simondium

Construction date September 2009 2007 February 2009

CW size Approx 100 m* Approx. 110 m* Approx. 140 m*

CW depth Approx. 300 mm Approx. 1 m Approx. 300 mm

CW shape Rectangular Circular Square (water flows along

the perimeter of the
square)

Number of households 1 5 households, an office | 25 work houses and 12
(has one toilet, a | guest houses
washbasin and  kitchen
sink) and three storerooms

Retention time Two days Two days Four days

Peak flow rate

4 000 L per day

3500 L per day

50 000 L per day (sewage
flow, 36 000 L per day
and cellar flow, 14000 L

per day)

Lining

Clay-lined

Plastic - lined

Clay — lined

3.3 Sampling

Sampling was undertaken between the cooler months of July and October 2011. This was done

S0 as to provide insight into how the CWs performed under non-ideal conditions. Each site was

sampled every two weeks at several sampling points. The sampling points for each site are as

follows:

3.3.1 De Goede Hoop Estate

Samples were taken at five locations (Figure 12 and Figure 13) along the system, these included:

e Influent (bioreactor )

e Effluent (recirculation pond)

e Pond

e Groundwater tank

e Stream
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The bioreactor was selected as it represents the influent prior to entering the CW. As the system
is based on a recirculating design, the recirculation pond was sampled to represent the effluent
concentration after treatment. The pond, located southwest of the system was also sampled, as it
received treated water from the recirculation pond. Although the pond received treated effluent
only for the duration of four sampling sessions, it was sampled throughout the sampling period.
Although it could not be determined whether treated effluent entered the groundwater,
groundwater samples were taken to determine whether it was being impacted by the system
(groundwater samples were analysed to determine nutrient and E. coli levels). A nearby stream,
flowing west of the CW was also sampled. Although, this stream did not form part of the
treatment system, it was sampled anyway to determine whether it was impacted on in any way
by the CW system.

Primary

r . Pump
— sedimentation sump >
tanks
Slab for blower
< y \
Influent
Stream Effluent ;
Constructed Wetland L 5 O(recircmaﬁon (bioreactor)
pond)
—>
A
Evaporation
v
Constructed Treated effluent
pond
Groundwater Groundwater
O tank infiltration 2?2
< A 4

Figure 12: De Goede Hoop sampling points (diagram)
(Sampling points indicated by orange dots)
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Figure 13: Sampling points at De Goede Hoop Estate
Bioreactor (a), recirculation pond (b), groundwater tanks (c) and stream (d)

3.3.2 Wolwedans Farm
Samples were taken at four locations (Figure 14 and Figure 15) along the system, these included:
e Influent (aeration tank)
e Effluent
e French drain overflow

e Vlei

The aeration tank was selected as it represents the wastewater prior to entering the CW. The
outlet pipe at the end of the CW provided an indication of the effluent quality after treatment. As
the vlei receives combined treated effluent from the CW and the French drain overflow, it was
also sampled to determine the impact that these wastewater treatment measures have on the
system. Since no data exist for the water quality of the vlei prior it to receiving treated
wastewater, a spring, which formed the control, was used to compare the surrounding water

quality with that of the vlei.
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Figure 14: Wolwedans sampling points (diagram)
(Sampling points indicated by orange dots)
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Figure 15: Sampling points at Wolwedans Farm
Aeration tank (a), effluent manhole b), French drain overflow (c) and vlei (d)

T

3.3.3 Babylonstoren
Samples were taken at four locations (Figure 16 and Figure 17) along the system, these

included:

e Upper section of culvert (upper culvert)
e Influent (bioreactor)
e Effluent

e Lower section of culvert (lower culvert)

The bioreactor was selected as it represents the influent i.e. the wastewater prior to entering
the treatment system. The CW output pipe provided information regarding the effluent
concentration after treatment. Sampling at the upper and lower sections of the culvert
provided an indication of the impact of the system on the surrounding environment as the
upper culvert represented a section of the culvert before receiving discharged wastewater and

the lower culvert presented a section of the culvert which received wastewater. The water
62



quality of the upper and lower culvert could then directly be compared with each other to

determine the difference in pollutant concentrations.

Bioreactor Constructed Wetland —>

Sedimentation —
tanks

Wastewater

Upper
culvert

—— e = ==

Lower
culvert

To the Berg River

Figure 16: Babylonstoren sampling points (diagram)
(Sampling points indicated by orange dots)

Figure 17: Sampling points at Babylonstoren Farm
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3.3.4 Measurement of variables
Variables such as temperature, pH, total dissolved solids and electrical conductivity were
measured on site using hand held meters. These variables were tested at each sample point
and recorded. The instruments used included a pH scan WP1, 2 pH meter (Eutech
Instruments) and an EC 59 electrical conductivity meter (Martini Instruments), which
measured electrical conductivity, total dissolved solids and temperature. These instruments

were regularly calibrated during the collection process.

The remaining variables, which could not be measured on site, were measured at the water
analysis laboratory at the University of Cape Town. Samples were collected at each point and
appropriately labelled. The samples were kept on ice to slow down bacterial growth prior to

laboratory testing.

3.4 Laboratory methods
Laboratory testing was done to determine the concentrations of NHz NO3, NO,, and PO,*
and the number of E. coli colony forming units (CFUSs). A description of the methods used to

undertake these tests is provided below:

3.4.1 Chemical analysis

Ammonia: (NHs ionised and unionised)

The method used to determine the concentration of nitrate was the Salicylate Method (Hach
Method 8155). A sample cell was filled with 10 ml of sample. To calibrate the
spectrophotometer at zero, a blank control was prepared by filling a second sample cell with
10 ml deionized water. The contents of one Ammonia Salicylate Powder Pillow were added
to each sample cell. The cells were stoppered and shaken to dissolve the reagent. A reaction
time of three minutes was then allowed. The contents of one Ammonia Cyanurate Reagent
Powder Pillow were then added to each cell. The cells were then stoppered and shaken to
dissolve the reagent. A reaction time of 15 minutes was allowed (the presence of ammonia-

nitrogen was indicated by a green colour).
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As the DR 2700 portable spectrophotometer has a number of pre-installed programmes for
various tests, it allows you to choose a test and it will automatically adjust the wavelength for
the required test. For the ammonia test, the wavelength was automatically set at 655 nm.
After the blank was used to zero the spectrophotometer, the sample was then inserted and the

concentration read. The spectrophotometer provided the results in mg/I.

Nitrate (NO3):

The method used to determine the concentration of nitrate was the Cadmium Reduction
Method (Hach Method 8039). A sample cell was filled with 10 ml of sample. The contents of
one NitriVer® 5 Nitrate Reagent Powder Pillow were added to this. The sample cell was
stoppered and shaken vigorously for one minute. A reaction time of five minutes was then
allowed (the presence of nitrate was indicated by an amber colour). As the DR 2700 portable
spectrophotometer has a number of pre-installed programmes for various tests, it allows you
to choose a test and it will automatically adjust the wavelength for the required test. For the

nitrate test, the wavelength was automatically set at 500 nm.

To calibrate the spectrophotometer at zero, a blank control was prepared by filling a second
sample cell with 10 ml sample but no NitriVer® 5 Nitrate Reagent. The sample was then
inserted into the spectrophotometer and the concentration read. The spectrophotometer

provided the results in mg/l.

Nitrite (NO,):

The method used to determine the concentration of nitrite was the Diazotization Method
(Hach Method 8507). A sample cell was filled with 10 ml of sample. The contents of one
NitriVer® 3 Nitrite Reagent Powder Pillow were added to this and the sample cell swirled to
dissolve the reagent in the mixture (the presence of nitrite was indicated by a pink colour). A
reaction time of 20 minutes was allowed. As the DR 2700 portable spectrophotometer has a
number of pre-installed programmes for various tests, it allows you to choose a test and it
will automatically adjust the wavelength for the required test. For the nitrite test, the

wavelength was automatically set at 507 nm.

To calibrate the spectrophotometer at zero, a blank control was prepared by filling a second
sample cell with 10 ml sample but no NitriVer® 3 Nitrite Reagent. The sample was then
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inserted into the spectrophotometer and the concentration read. The spectrophotometer

provided the results in mg/l.

Orthophosphate (PO,%):

The method used to determine the concentration of orthophosphate was the PhosVer 3
(Ascorbic Acid) Method (Hach Method 8048). A sample cell was filled with 10 ml of
sample. The contents of one PhosVer® 3 Phosphate Powder Pillow were added to this. The
sample cell was immediately stoppered and shaken vigorously for 30 seconds (the presence
of orthophosphate was indicated by a blue colour). A reaction time of two minutes was

allowed.

As the DR 2700 portable spectrophotometer has a number of pre-installed programmes for
various tests, it allows you to choose a test and it will automatically adjust the wavelength for
the required test. For the orthophosphate test, the wavelength was automatically set at 880

nm.

To calibrate the spectrophotometer at zero, a blank control was prepared by filling a second
sample cell with 10 ml sample but no PhosVer® 3 Phosphate Reagent. The sample was then
inserted into the spectrophotometer and the concentration read. The spectrophotometer
provided the results in mg/l.

3.4.2 Testing for E.coli
M-endo agar was used as the media for growing E. coli. The method selected for preparing

the agar was as per the method provided by Difco Manual (1953).

Preparation of the agar plates:
Reagents used for the preparation of the agar plates were obtained from Merck. Peptone
powder (10 g), di-potassium hydrogen phosphate (2.5 g), lactose (10 g), sodium sulphite
anhydrous (3.3 g), fuchsin (0.3 g) and agar powder (12.5 g) were added to a glass bottle.
Distilled water was then added to the 1 litre mark and the mixture shaken. The pH of the
solution was then adjusted to 7.4 + 0.2 at 25 °C. The solution was then autoclaved for 30
minutes at 121 °C and 15 psi. Once the solution cooled down sufficiently, the solution was
poured out into petri dishes and allowed to set.
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Sample preparation and spreading of plates:
The water samples were diluted 1/10, %2, 1/100 and 1/10 000. 100 ul water sample of each
dilution (including undiluted sample) was pipetted onto the prepared agar plates. A duplicate

plate for each dilution was also prepared. Plates were incubated at 35 °C for 24-48 hrs.

Counting the E .coli colony forming units (CFUSs):
The presence of E. coli is indicated by red colonies with a green metallic sheen. The number

of CFUs at each concentration was then counted and recorded as the number of CFUs/100ml.

3.5 Data analysis

Statistical analysis of the laboratory results from data collected was undertaken using
Statistica. Descriptive statistics were generated, which described and summarised the data.
Regression analysis was then used to model the relationship between the pollutant variable
and the explanatory variable i.e. location (influent and effluent) and flow rate. It could thus be
determined whether there was a relationship between a specific pollutant and location (i.e.
influent versus effluent) or flow rate. A more detailed discussion on the data analysis is

provided in the following chapter.
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4 RESULTS AND DISCUSSION

In this study constructed wetland (CW) treatment performance was determined by analysing
removal efficiencies of the selected pollutants. However, this measurement of performance
can be misleading as high removal efficiencies may indicate high influent concentrations with
a much reduced effluent concentration, similarly, low removal efficiencies do not necessarily
indicate poor performance but could indicate low influent concentrations (ITRC, 2003).
Another indicator of performance used in this study was to compare treated effluent
concentrations with the Department of Water Affairs’ (DWA’s) discharge standards as set out
in the National Water Act (Act 36 of 1998) (South Africa, 1998) (Appendix 3). Water quality
was also compared to the South African water quality guidelines (Appendix 3) to examine the

possible consequences of the impact of CWs on the receiving water bodies.

As flow rate is one of the most significant operational variables that influence CW
performance (Lee et al., 2009), the relationship between flow rate and the pollutant
concentrations were also determined. It was initially assumed that there would be a
significant relationship between pollutant concentrations and flow rate. Flow rate is important
as it can influence hydraulic as well as pollutant loading (Lee et al., 2009). If the flow rate is
too great and the contact time between the medium and wastewater is not adequate, then

treatment performance will be negatively affected (Dairy Australia, 2008).

According to the regression analysis for the modelling of the relationships between the
pollutant variables and explanatory variables, i.e. location (influent and effluent) and flow
rate, for both De Goede Hoop and Wolwedans, the flow rate did not have a significant effect
on the pollutant concentrations. The reason for this could be that the influent concentration
may have been a more important factor, especially since the average daily flow rate
(measured every two weeks) did not seem to change too drastically. Furthermore, the method
of determining the flow rate, which included measuring the volume of wastewater passing
through the system over a two week period and then calculating the flow rate from there may
not have provided an accurate account of the flow rate. This is because perturbations in the
flow resulting from peaks during certain parts of the day could not be presented using this

method.
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The data collected during sampling are presented in Table 13, Table 15, and Table 16.
Statistical analysis was used to analyse the performance of the CW systems. This included
the generation of descriptive statistics (Appendix 4), in which substituted values were
established for data that were missing, e.g., as a result of the tank or stream running dry. If
data were distributed normally, then the mean was used as a substitute for the missing value;
if skewed, then the median was used as a substitute. The means provided an informative

comparison between sampling points.

Linear regression was done to determine whether location and flow rate had a significant
effect on the concentration of pollutants. Since no flow rate was recorded for the
Babylonstoren site, two separate regression analyses were performed per pollutant variable.
The first analysis included all three sites in which the location was considered; the second
analysis included only De Goede Hoop and Wolwedans in which the location and flow rate

were considered.

The dependent variable (i.e. the pollutant concentration variable) was examined to determine
whether or not it was normally distributed. If not, data were logged to obtain a more normal
distribution prior to proceeding with the analysis. The flow rate was centred (by subtracting
the flow rate from the mean flow rate) to improve the interpretation of the regression
equations. Binary numbers were allocated to the site and location variables since these were
categorical. In the case of the location variable, the influent was coded as 0 and effluent was
coded as 1. De Goede Hoop was assigned as the baseline site to which Wolwedans and
Babylonstoren were compared.

A number of regression models were undertaken to determine the preferred model. The initial
model included the location and site variables. This model was then expanded to include the
interaction between location and site (e.g. Influent X Wolwedans and Influent X
Babylonstoren). The preferred model between the two was then selected and other variables
were systematically added and compared to determine whether the previous or subsequent
model (which included more variables) was preferable. Other variables which were added
systematically included flow rate, location X flow rate and site X flow rate. The preferred
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model was determined by comparing the adjusted R? Akaike information criterion (AIC)°
and Bayesian information criterion (BIC)™ values. The AIC and BIC values were obtained by
undertaking a ‘goodness of fit test. The model with the higher adjusted R? and lower AIC
and BIC values was used to identify the preferred model. Once a model was selected, the p-
value was used to determine whether an explanatory variable was significant at the 5% and

10% levels.

Residual analysis was undertaken to examine how well the models represented the data (i.e.
how closely the model reflected what was actually happening). Residual plots were generated
as part of the residual analysis. These included normality plots of the standardized residuals
(used to determine whether the distributions of the standard residuals were sufficiently
normal), and the plot of the predicted versus standardized residual scores. Outliers that were
determined to be influential (this was done by considering the Cook’s distance estimate) were

removed and the regression models were repeated based on the new data set.

4.1 Regression analysis

Regression models were performed to determine the significance of treatment performance of
the systems for the selected variables and to determine whether the flow rate impacted on
performance. The flow rate could not be established for Babylonstoren and was not included
in the analysis. A data subset that included site, location and flow rate was used only to
compare De Goede Hoop and Wolwedans. The detailed results from the regression analysis
are shown in Appendix 5. A table and summary of the results are provided in this chapter for

each variable.
The following abbreviations are used in the regression equations:
| = influent

W = Wolwedans

B = Babylonstoren

° A measure of the relative goodness of fit of a statistical model.

19 A measure of the relative goodness of fit of a statistical model, which adjusts for the number of parameters
estimated as well as for the given amount of data.

70



4.1.1 Nitrogen (NH3, NO3- and NO2’)

Ammonia (NH3):

e De Goede Hoop vs. Wolwedans vs. Babylonstoren

Two models were performed, these were:
1. Log (NH3) =1+ W + B
2. Log (NH3) = 1 + W + B + [*W + [*B

e De Goede Hoop vs. Wolwedans

Three models were performed, these were:

1. Log (NH3) =1+W

2. Log (NH3) = | + W + I*W

3. Log (NH3) = I + W + I*W + centred flow rate

Summary: Location has a significant effect on NH3 concentration for all sites. For De Goede
Hoop, the average influent concentration is 25.18 mg/l and the average effluent concentration
is 1.92 mg/l. There is thus a decrease in the average NH3 concentration of 23.26 mg/l at De
Goede Hoop. The average influent concentration for Wolwedans is 61.8 mg/l compared to an
average effluent concentration of 36.81 mg/l. There is thus an average decrease in the NH3
concentration of 24.99 mg/l. For Babylonstoren, the average influent concentration is 4.61
mg/l compared to an average effluent concentration of 10.09 mg/l. There is thus an average
increase in the NH3 concentration of 5.48 mg/l at Babylonstoren. Furthermore, the models
indicate that flow rate do not have an effect on NH3 concentration.

The models indicate that there is no significant relationship between flow rate and NHj
concentration at De Goede Hoop and Wolwedans.

Table 7 provides a summary of the regression results for NHs.
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Table 7: Ammonia (NH,) regression results summary table

De Goede Hoop Wolwedans Babylonstoren
Ammonia (NHs):
Log NH; = 0.284 + (1.117) | + (1.282) W + (0.722) B + (-0.889) I*W + (-1.459) I*B
Location Effluent Intercept Intercept + W Intercept + B
0.284 = 1.92 mg/Il 0.284 + 1.282 = 1.566 = 36.81 | 0.284 + 0.722 = 1.004 = 10.09 mg/I
Significance: Significant difference in the value of log mg/l
(NH3) at the influent versus the effluent (influent p- | Influent Intercept + | Intercept + W + | + I*W Intercept+ B + 1 + I*B

value equals 0)

0.284 + 1.117 = 1.401 = 25.18
mg/l

0.284 + 1.282 + 1.117 - 0.889 =
1.791=61.8 mg/l

0.284 + 0.722 + 1.117 — 1.459 = 0.664
=4.61 mg/l

Flow rate N/A N/A N/A
Significance:

N/A

Log (NH3) =0.284 + (1.117) | + (1.282)W + (-0.889)I*W

Flow rate No relationship No relationship N/A

Significance:
N/A
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Nitrate (NO3):
e De Goede Hoop vs. Wolwedans vs. Babylonstoren
Two models were performed, these were:
1. Log (NO3)=1+W +B
2. Log (NO3) =1+ W + B + [*W + [*B
e De Goede Hoop vs. Wolwedans
Four models were performed, these were:
Log (NO3) =1 + W
Log (NO3) = | + W + I*W

Log (NO3) =1 + W + centred flow rate
Log (NO3) =1+ W + centred flow rate + (W*centred flow rate)

M W

Summary: Location has a significant effect on NO3 concentration for all sites. For De
Goede Hoop, the average influent concentration is 5.47 mg/l and the average effluent
concentration is 13.37 mg/l. There is thus an average increase in the NOgz'concentration of 7.9
mg/l at De Goede Hoop. The average influent concentration for Wolwedans is 10.62 mg/I
compared to an average effluent concentration of 19.59 mg/l. There is thus an average
increase in the NO3™ concentration of 8.97 mg/l. For Babylonstoren, the average influent
concentration is 6.68 mg/l compared to an average effluent concentration of 5.32 mg/l. There
is thus an average increase in the NO3™ concentration of 1.2 mg/l at Babylonstoren.

The models indicate that there is a significant relationship between flow rate and NO3-
concentration for De Goede Hoop and Wolwedans, a 1 unit change in flow rate, with a

constant location, will result in a change in the average NO3- concentration by 1 mg/l (10"-
0.002).

Table 8 provides a summary of the regression results for NOs3'.
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Table 8: Regression results summary for nitrate (NO3)

De Goede Hoop

Wolwedans

Babylonstoren

Nitrate(NOs):

Log NOs- = 1.126 + (-0.388) | + (0.166) W + (-0.4) B + (0.122) I*W + (0.487) I*B

Location

Significance:
Significant difference in the value of log (NOs-) at the
influent versus the effluent (influent p-value is 0.02).

Effluent Intercept Intercept + W Intercept + B
1.126 = 13.37 mg/I 1.126 + 0.166 = 1.292 = 19.59 | 1.126 - 0.4 =0.726 = 5.32 mg/I
mg/l
Influent Intercept + | Intercept + W + | + I*W Intercept + B + 1 + I*B = 1.126 -

1.126 — 0.388 = 0.738 = 5.47
mg/l

1.126 + 0.166 -0.388 + 0.122 =
1.026 = 10.62 mg/I

0.4 -0.388 + 0.487 = 0.825 = 6.68
mg/l

Flow rate N/A N/A N/A
Significance:
N/A
Log (NO3-) = 1.098 + (-0.333) (1) + (0.228) (W) + (-0.002) centred flow rate + (0.004) (W*centred flow rate)
Flow rate Effluent Intercept + flow rate Intercept + flow rate + W + | N/A
W*centred flow rate
Significance: (change in flow rate | 1.098 — 0.002 = 1.096 = 12.47
Flow rate does not have a significant effect on NOs- | Of 1 unit) mg/I 1.098 — 0.002 + 0.228 + 0.004 =
concentration (p-value is 0.3.03) 1.328 = 21.28 mg/|
Influent Intercept + flow rate + | Intercept + flow rate + W + | N/A

(change in flow rate
of 1 unit)

1.122 - 0.002 - 0.372 = 0.752 =
5.65 mg/l

W*centred flow rate + |

1.098 — 0.002 + 0.228 + 0.004 -
0.333=0.995 = 9.89 mg/I
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Nitrite (NOy):
e De Goede Hoop vs. Wolwedans vs. Babylonstoren
Two models were performed, these were:

1.  Log(NO,)=1+W+B
2. Log (NOp)=1+W+B+I*W + |*B

e De Goede Hoop vs. Wolwedans

Four models were performed, these were:

1. Log (NO2) =1+W

2 Log (NOy) = | + W + I*W

3. Log (NO;) =1+ W + centred flow rate

4 Log (NO;) =1+ W + centred flow rate + (W*centred flow rate)

Summary: Location has a significant effect on NO, concentration for all sites. For De
Goede Hoop, the average influent concentration is 0.03 mg/l and the average effluent
concentration is 0.08 mg/l. There is thus an average increase in the NO, concentration of 0.05
mg/l at De Goede Hoop. The average influent concentration for Wolwedans is 0.38 mg/I
compared to an average effluent concentration of 0.87 mg/l. There is thus an average
increase in the NO," concentration of 0.49 mg/l. For Babylonstoren, the average influent
concentration is 0.05 mg/l compared to an average effluent concentration of 0.11 mg/Il. There
is thus an average increase in the NO,™ concentration of 0.06 mg/l at Babylonstoren.

The models indicate that flow rate does not have a significant effect on NO, concentration
for De Goede Hoop and Wolwedans. A 1 unit change in flow rate, with a constant location,
will result in a change in the average NO,™ concentration by 1 mg/l (107-0.002).

Table 9 provides the regression summary results for NO".
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Table 9: Regression results summary for nitrite (NO,)

De Goede Hoop Wolwedans Babylonstoren
Nitrite (NO,):
Log (NO,-) =-1.124 + (-0.356 )(I) + 1.065 (W) + 0.173 (B)
Location Effluent Intercept Intercept + W Intercept + B
-1.124 = 0.08 mg/I -1.124 + 1.065 = -0.059 = 0.87 | -1.124 + 0.173 = -0.951 = 0.11
Significance: mg/| mg/|
Significant difference in the value of log (NO,) at the | Influent Intercept + | Intercept + W + | Intercept+ B + 1 + I*B =

influent versus the effluent (influent p-value is 0.084) -1.124 — 0.356 = -1.48 = 0.03 | -1.124 + 1.065 — 0.356 = -0.415 | -1.124 + 0.173 -0.356 + 0.173 = -
mg/l =0.38 mg/l 1.307 = 0.05 mg/l
Flow rate N/A N/A N/A
Significance:
N/A
Log (NOy) =-1.101 + (-0.4) (1) + (1.064) (W) + (-0.001) (centred flow rate) + (0.008) (W*centred flow rate)
Flow rate Effluent Intercept + flow rate Intercept + flow rate + W | N/A
(change in flow rate | -1.101 - 0.001 = -1.102 = 0.09 | +W*flow rate
Significance: of 1 unit) mg/l -1.101 — 0.001 + 1.064 + 0.008 =
Flow rate does not have a significant effect on NO, -0.03 = 0.93 mg/I
Influent Intercept + flow rate + | Intercept + flow rate + W | N/A

concentration (p-value is 0.666)

(change in flow rate
of 1 unit)

-1.101 - 0.001 — 0.4 = -1.502=
0.3 mg/l

+W*flow rate + |
-1.101 — 0.001 + 1.064 + 0.008 -
0.4 =-0.43 = 0.37 mg/I
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4.1.2 Orthophosphate (P043)
e De Goede Hoop vs. Wolwedans vs. Babylonstoren

Two models were performed, these were:
1. PO, = I+W+B
2. PO -=1+W + B+ I*W + I*B

e De Goede Hoop vs. Wolwedans

Three models were performed, these were:

1. Log (PO, ) =1+W

2. Log (PO,>) =1+ W + I*W

3. Log (PO,*) = I + W + centred flow rate

Summary: Location does not have a significant effect on PO,> concentration for all sites.
For De Goede Hoop, the average influent concentration is 31.79 mg/l and the average
effluent concentration is 28.6 mg/l. There is thus an average decrease in the PO*
concentration of 3.19 mg/l at De Goede Hoop. The average influent concentration for
Wolwedans is 33.42 mg/l compared to an average effluent concentration of 30.23 mg/I.
There is thus an average decrease in the PO,> concentration of 3.19 mg/l. For Babylonstoren,
the average influent concentration is 21.66 mg/l compared to an average effluent
concentration of 18.48 mg/l. There is thus an average decrease in the PO4>concentration of
3.18 mg/l at Babylonstoren. Furthermore, the models indicate that flow rate does not have an
effect on PO,> concentration.

The models indicate that there is no significant relationship between flow rate and PO,*
concentration at De Goede Hoop and Wolwedans.

Table 10 provides the regression results summary for PO,
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Table 10: Regression summary results for orthophosphate (PO,*

De Goede Hoop Wolwedans Babylonstoren
Orthophosphate (PO,*):
PO,> = 28.603 + (3.184)1 + (1.631)W + (-10.128)B
Location Effluent Intercept Intercept + W Intercept + B

28.6 mg/I 28.603 + 1.631 = 30.23 mg/I 28.603 - 10.128 = 18.48 mg/I
Significance: Influent Intercept + | Intercept + W + | Intercept + B + |

No significant difference in the value of PO43- at the influent

28.603 +3.184 = 31.79 mg/I

28.603 + 1.631 + 3.184 = 33.42

28.603 -10.128 + 3.184 = 21.66

versus the effluent (influent p-value is 0.424) mg/I mg/I|
Flow rate N/A N/A N/A
N/A

Log (PO43-) = 1.427 + ( 0.049)I + (0.039)W

Flow rate No relationship No relationship N/A
N/A
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4.1.3 E. coli
e De Goede Hoop vs. Wolwedans vs. Babylonstoren
Two models were run, these included:

1. LogE.coli=1+W+B
2. Log E.coli=I+W+B+ I*W + I*B

e De Goede Hoop vs. Wolwedans

Four models were run, these included:

1. LogE.coli=1+W

2 Log E. coli=1+W + I*W

3. Log E. coli =1 + W + I*W + centred flow rate

4 Log E. coli = 1 + W + centred flow rate + (I*centred flow rate)

Summary: Location has a significant effect on E. coli concentration for all sites. For De
Goede Hoop, the average influent concentration is 397 192 CFUs/100ml and the average
effluent concentration is 36 813 CFUs/100ml. There is thus an average decrease in the E. coli
concentration of 360 379 CFUs/100ml at De Goede Hoop. The average influent
concentration for Wolwedans is 486 407 CFUs/100ml compared to an average effluent
concentration of 332 660 CFUs/100ml. There is thus an average decrease in the E. coli
concentration of 153 747 CFUs/100ml. For Babylonstoren, the average influent concentration
is 979490 CFUs/100ml compared to an average effluent concentration of 403 645
CFUs/100ml. There is thus an average decrease in the E. coli concentration of 575845
CFUs/100ml at Babylonstoren.

The models indicate that flow rate does not have a significant effect on E. coli concentration
for De Goede Hoop and Wolwedans. A 1 unit change in flow rate, with a constant location,
will result in a change in the average E. coli concentration by 1 CFU/100ml (10°-0.002).

Table 11 presents the regression results summary for E. coli.
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Table 11: Regression summary results for E. coli

De Goede Hoop Wolwedans Babylonstoren
E coli:
Log E. coli = 4.566 + (0.933) | + (0.956)W + (1.043)B + (-0.768)I*W + (-0.551)I*B
Location Effluent Intercept Intercept + W Intercept + B
4.566 = 36 813 CFUs/100ml 4.566 + 0.956 = 5.522 = 332660 | 4.566 + 1.043 = 5.606 = 403 645
Significance: CFUs/100ml CFUs/100ml
Significant difference in the value of log E. coli at the influent | Influent Intercept + | Intercept + W + | + I*W Intercept+ B + 1 + I*B
versus the effluent at (influent p-value is 0.001) 4566 + 0933 = 5599 =| 4566 + 0.956 + 0.933 — 0.768 = | 4.566 + 1.043 + 0.933 — 0.551 =
397 192 CFUs/100ml 5.687 = 486 407 CFUs/100ml 5.991 = 979 490 CFUs/100m|
Flow rate N/A N/A N/A
Significance:
N/A

Log E. coli = 4.566 + (0.933) | + (0.956) W + (-0.768) I1*W + (-0.002) centred flow rate

Flow rate Effluent Intercept + flow rate Intercept + flow rate + W N/A
(change in flow rate | 4.566 -0.002 = 4.564 = 36 644 | 4.566 — 0.002 + 0.956 = 552 =

Significance: of 1 unit) CFUs/100ml 331 131 CFUs/100ml

Flow rate does not have a significant effect on E .coli

concentration (p- is 0.175) Influent Intercept + flow rate + | Intercept + flow rate + W + | N/A

(change in flow rate
of 1 unit)

4.566 — 0.002 + 0.933 = 5.497
= 314 050 CFUs/100ml

4.566 — 0.002 + 0.956 + 0.933
6.453 = 2 837 919 CFUs/100ml
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4.2 Treatment performance

This section makes use of the results obtained from the regression analysis as well as South
African water quality guidelines to determine CW performance at the three sites. The section
is divided into nitrogen removal efficiency, which includes NH; (includes ionised and un-

ionised forms), NOs™ and NO,, followed by PO,* and E. coli removal efficiencies.

4.2.1 Nitrogen removal (NHs, NO3, NO2’)
Nitrification and denitrification are the main processes for nitrogen reduction, together with
some assimilation by biota. As mentioned in Chapter 2, nitrification is the oxidation of
ammonium to NO, and then NOj3" under aerobic conditions, whereas denitrification is the
reduction of NO3" to nitrogen gas under anoxic conditions. Thus for NH3 removal, there has
to be sufficient nitrification taking place whereas for NO,/NOs; removal, sufficient

denitrification has to occur.

The removal of NH3 varied greatly between the three sites with no NH3 removal occurring at
Babylonstoren. The situation was similar for NO3', in which there was variability in the
removal percentages between the sites, however, NO3; removal only occurred at
Babylonstoren. A more detailed and site specific discussion of the performance of the CWs at

each site is presented in the sections following Table 12 and Table 13.
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Table 12: Summary of removal percentages obtained for pollutants at all three sites

De Goede Hoop Wolwedans Babylonstoren
Influent Effluent Removal Influent Effluent Removal Influent Effluent Removal
concentratio | concentratio | efficiency concentratio | concentratio | efficiency concentratio | concentratio | efficiency
n n (%) n n (%) n n (%)
NH; (mg/l)
Mean 30.37 1.34 96% 63.14 41.07 35% 5 10.45 -109%
Standard 21.69 1.88 - 17.16 25.74 - 4.75 6.22 -
deviation
Maximum 70 5.4 - 87.2 88.27 - 13.2 21.33 -
Minimum 6.73 0 - 42.93 17.33 - 0.97 4 -
NO3 (mg/l)
Mean 6.08 14.05 -131% 14.28 22.01 -54% 8.18 5.78 29%
Standard 5.64 4.75 - 10.76 10.89 - 4.38 2.55 -
deviation
Maximum 17.07 21.67 - 30 35 - 14 10.27 -
Minimum 0.33 8.13 - 3.33 10.33 - 1.47 2.67 -
NO, (mg/l)
Mean 0.05 0.08 -60% 2.09 1.81 13% 0.09 0.13 -44%
Standard 0.03 0.03 - 2.69 1.86 - 0.09 0.08 -
deviation
Maximum 0.09 0.13 - 5.53 5.06 - 0.23 0.22 -
Minimum 0.01 0.04 - 0.01 0.13 - 0.01 0.02 -
PO, (mg/l)
Mean 30.78 29.61 3.8% 35.44 28.21 20% 20.72 19.23 7%
Standard 15.71 8.97 - 6.52 7.87 - 17.96 13.03 -
deviation
Maximum 64.67 40.87 - 43.53 42.53 - 50.4 43.2 -
Minimum 18.25 14.05 - 26.96 20.73 - 2.3 4.46 -
E. coli (CFUs/100 ml)
Mean 489714 74 786 85% 739 833 455 000 39% 1213333 426 667 65%
Standard 293 886 67 576 - 691 075 320172 - 773193 135 154 -
deviation
Maximum 740 000 200 000 - 2000 000 1 000 000 - 2 200 000 590 000 -
Minimum 23 000 3000 - 79 000 50 000 - 390 000 220 000 -
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Table 13: Ammonia, nitrate (NO3) and nitrite (NO,) concentrations recorded at the sampling sites (grey shading indicates substituted data)

sampling Date (2011) | 11.07 | 2607 | 1008 | 23.08 | 0609 | 2009 | 04.10 [ 1907 [ 0208 [ 1608 [ 3008 [ 1309 | 27.09 [ 1007 [ 0208 | 1608 [ 3008 [ 1309 [ 27.09
De Goede Hoop Wolwedans Babylonstoren
NH; (mg/l)
Influent
Influent (bioreactor) 35 | 1307 | 673 | 232 | 198 70 448 | (aeration 61.6 | 7093 | 71.73 | 87.2 | 4447 | 42.93 | Upperculvert | 1.33 | 036 | 007 | 11 | 088 | 035
tank)
Effluent 17 0.23 03 | 095 0 5.4 08 | Effluent 88.27 | 31.46 | 29.33 | 52 28 17.33 | Influent 132 | 7.44 1.2 5.2 0.97 2
(recirculation pond) (bioreactor)
French
Constructed pond 35 63 | 1007 | 115 | 14 | 1007 | 10.07 | drain 2856 | 704 | 696 | 848 | 7274 | 748 | Effluent 1027 | 507 | 2133 | 96 12.4 4
overflow
Groundwater tank 002 | 002 | 002 | 002 | 156 0 001 | Viei 047 | 03 | 043 | 01 | 061 | 033 cLlj’I‘CVeerrt 16 | 353 | 02 02 | 083 | 02
Stream 002 | 002 | 013 | 02 0 005 | 067 |- - - - - - - - - - - - - -
NO5 (mg/l)
Influent
Influent (bioreactor) 7.1 17.07 8.67 3.2 0.33 1.87 4.33 (aeration 30 14 24 3.33 433 10 Upper culvert 2.3 453 2 39 253 2.53
tank)
Effluent (recirculation | 55 | 1506 | 12 | 813 | 1933 | 1167 | 2167 | Effluent 317 | 35 | 2833 | 1033 | 12 | 1467 | Influent 147 | 627 | 667 | 1133 | 14 | 933
pond) (bioreactor)
French
Constructed pond 10.7 8.83 14.67 1.87 3.33 8.83 8.83 drain 0 9.67 7 5.33 4.4 5.33 Effluent 10.27 5.07 6.67 2.67 5.33 4.67
overflow
Groundwater tank 247 | 053 | 247 | 247 | 373 | 12 4 | Viei 103 | 24 | 493 | 32 2 16 CLJ’I‘(/V::t 16 28 | 1067 | 373 | 187 | 083
Stream 0 09 | 533 0 08 | 1.07 0 - ) - - - - - - - - - - - -
NO, (mg/l)
Influent
Influent (bioreactor) 0087 | 006 | 008 | 001 | 0006 | 0.026 | 0.062 | (aeration 552 | 553 | 1.115 | 0.012 | 0012 | 0.373 | Upperculvert | 0.005 | 001 | 0.014 0 0.026 | 0.002
tank)
Effluent (recirculation | 549 | 005 | 009 | 008 | 0127 | 009 | 0.074 | Effluent 171 | 272 | 5057 | 0120 | 0269 | 09eg | INfluent 001 | 0158 | 003 | 023 | 0.038 | 0.068
pond) (bioreactor)
French
Constructed pond 0134 | 007 | 014 | 016 0 0134 | 0134 | drain 0.008 | 0.093 | 0.093 | 0.012 | 0.065 | 0.101 | Effluent 0018 | 0058 | 013 | 016 | 0213 | 022
overflow
Groundwater tank 0005 | 002 | 0005 | 0.005 | 0.005 | 0.005 | 0.004 | Vlei 0.008 | 0.015 | 0.069 | 0.041 | 0.007 | 0.009 'C-SI"\Y:rrt 0051 | 0054 | 005 | 008 | 0038 | 0.039
Stream 0 002 | 005 | 0.002 0 0.007 0 - - - - - - - - - - - - - -
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4.2.1.1 De Goede Hoop
The average influent concentration was 25.18 mg/l and the average! effluent concentration
was 1.92 mg/l. From the p-value, it can be determined that the difference between the average
influent and effluent NH3 concentrations is significant.

In terms of the removal percentage, there was a decrease in the mean NH3 concentration of
96% over the sampling period (Table 12). The NH3 concentrations recorded at the effluent
met DWA’s discharge standards of 3 mg/l, 86% of the time (Figure 18), with the mean NHs

effluent concentration also meeting DWA’s standard.

According to the regression analysis, the average influent NO3™ concentration was 5.47 mg/l
and the average effluent concentration was 13.37 mg/l. For NO,’, based on the regression
models, the average influent was 0.03 mg/l and the average effluent was 0.08 mg/l. For both
NO3 and NO;, the difference between the average influent and effluent concentrations was

significant.

Over the sampling period, there was an increase in the mean NO3 and NO,™ concentrations of
131% and 60% respectively (Table 12). The combined NO3/NO; effluent concentrations
recorded met DWA’s discharge standards of 15 mg/l NO3/NO;" 71% of the time (Figure 18)

and the mean NO3;/NO, concentration also met DWA’s standards.

1 This refers to the average as concentration as determine via regression analysis as opposed to the mean, which
refers to the arithmetic mean of the data set
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4.2.1.2 Wolwedans
According to the p-value obtained from the regression analysis, there was a significant
difference between the NH3 concentration at the influent and effluent. The average influent

concentration was 61.8 mg/l compared to an average effluent concentration of 36.81 mg/I.

There was an average decrease in NH3 of 35% over the sampling period (Table 12). It should
be noted however that even though there was a significant difference between influent and
effluent concentrations, the effluent quality did not once meet DWA’s discharge standards for
NH;3 of 3 mg/l (Figure 18).

According to the regression analysis, NO3  and NO;’, the average influent concentration was
5.47 mg/l for NO3™ and 0.38 mg/l for NO,". The average effluent concentration was 13.37
mg/l for NO3™ and 0.87 mg/l for NO,". For both NO3™ and NO;, the difference between the

average influent and effluent concentrations was significant.

There was an increase in the mean NO3™ concentration of 54% from influent to effluent over
the sampling period (Table 12). For NO;’, there was a decrease in the mean concentration of
13%'2 (Table 12). The resultant effluent quality only met DWA’s discharge standards for
NOs / NOy 33% (Figure 18) of the time and the mean NO3  / NO,™ concentration did not meet
DWA'’s standards.

4.2.1.3 Babylonstoren
The regression analysis indicates that there was a significant difference between the average
NHj3 concentration at the influent and effluent. The average influent concentration was 4.61
mg/l compared to an average effluent concentration of 10.09 mg/I.

The mean percentage change for NH3; was an increase in concentration of 109% over the
sampling period (Table 12). The effluent quality did not once meet DWA’s discharge limit
standards for NH; (Figure 18).

12 According to the regression model, there is an increase in NO,", however this discrepancy is due to the poor
model fit of the data
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According to the regression model, the average influent concentration for NO3” was 6.68 mg/I
and the average effluent concentration was 5.32 mg/l. For NO,, the average influent
concentration was 0.05 mg/l and the average effluent concentration was 0.11 mg/l. The
difference between the average influent and effluent concentrations for both NO3;™ and NOy

was considered significant.

In terms of removal percentage, for NOj, there was a 29% decrease in the mean
concentration from influent to effluent (Table 12). For NO,™ however, there was an increase
in the concentration from influent to effluent of 44% (Table 12). The effluent quality met
DWA'’s discharge limit standards for NO3/NO, 100% of the time (Figure 18).
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Figure 18: Comparison of effluent concentrations for NH; and NO3;/ NO, against DWA’s
discharge limit standards
De Goede Hoop: NH; (a), NO3/NO, (b); Wolwedans: NH; (c), NO;/NO; (d) and Babylonstoren:

NH; (), NO3/NO, (f).



4.2.1.4 Nitrogen removal summary
The negative NH3; removal at Babylonstoren could be as a result of ammonification of
organic nitrogen taking place but no nitrification, thus resulting in higher NH3 concentrations.
Limited nitrification can be attributed to a lack of oxygen within the system, this is because
nitrification is an aerobic process and therefore oxygen is a limiting factor. Nitrification
requires 4.3 g of O, per gram of NH3 (Akratos & Tshirintzis, 2007). Akratos & Tshirintzis
(2007) state that insufficient nitrification may occur during cooler periods and this may
concur with the study findings because the CW was monitored during the cooler months
between July and October. The researchers also note that during cooler time periods, plants
have a decreased ability to provide sufficient oxygen for nitrification. This does not however
explain the fact that nitrification did take place at the other two sites over the same sampling

period.

The poor NH3 removal performance of the Babylonstoren CW could also have resulted from
factors causing ponding or flooding (Figure 19), which was noticed throughout most of the
sampling period. According to Kadlec & Wallace (2009), flooding in CWs is normally
caused by clogging of the porous media and improper hydraulic design. Clogging of the
porous media may have resulted in a decrease in the performance of the CW (Knowles et al.,

2011). See section 2.2.3.2.8 for more detail on clogging.

Figure 19: Flooding of the Babylonstoren constructed wetland
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Short-circuiting caused by improper hydraulic design results in the rapid movement of water
from the inlet to the outlet along a preferential path or paths (ITRC, 2003), and may cause the
actual hydraulic residence time (HRT) to differ significantly from the theoretical HRT

(Davis, 1995), which in turn hampers performance.

According to Akratos & Tshirintzis (2007), HRT plays an important role in removal
efficiency. In a laboratory scale experiment undertaken by Akratos & Tshirintzis (2007), in
most instances, the longer the HRT, the higher the removal efficiency (at 15°C). For example
in Table 14, with reference to a CW with a river bed cobble substrate (CO-R), and planted
with common reed, the NH3 removal increased from 25.6% at an HRT of six days to 67.8%

at a residence time of 20 days.

Table 14: Ammonia removal statistics for HRT of 6, 8, 14 and 20 days

MG-C ‘ MG-R MG-Z FG-R CO-R
HRT (days) 6 8 14 | 20 6 8 14 20 6 8 14 20 6 8 14 20 6 8 14 20
Ammonia 11.6 35.8 29 | 689 | 2.7 - 15.1 | 32.6 -1.3 -7.9 15 4.6 55,3 | 659 | 66.3 | 70.7 | 25.6 | 49.6 | 44.7 | 67.8
mean 24.2
removal
(%0)

MG — C represents medium gravel planted with cattail, MG — R represents medium gravel planted
with common reed, MG-Z represents medium gravel unplanted; FG-R represents fine gravel planted
with common reed and CO-R represents river bed cobbles planted with common reed.

(Source: Akratos & Tshirintzis, 2007)

In contrast to Babylonstoren, nitrification did occur at the De Goede Hoop and Wolwedans
sites. The NH3 removal rates at De Goede Hoop (96%) and Wolwedans (35%) were
comparable with those obtained in a study undertaken by Knight et al. (1993) in Huang et al.
(2000), in which removal rates averaged 35% and ranged between -4% and 94% for 12 CW

systems.

Sufficient denitrification for the removal; of NO3 did not occur at De Goede Hoop and
Wolwedans as both these systems obtained negative removal rates for NO3™ and also had high
NOj3" effluent concentrations. However, even though Babylonstoren achieved a positive NO3
removal rate, it was relatively low at 29%, but comparable with a the NO3/NO," removal rate
of 27% obtained during experiments carried out by Keffala & Ghrabi (2005).
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Dentrification is a heterotrophic process, and organic carbon is required as a carbon source
(e.g. plants). Denitrification is thus dependent on the quantity and quality of an organic
source, which supports bacterial growth (Ingersoll & Baker, 1998 cited in Bastviken et al.,
2005). Luederitz et al. (2001) argue that in relatively new wetlands, the development of a
carbon-rich habitat for denitrifiers has not yet occurred. All of the wetlands in this study are
still considered relatively new, with Wolwedans being constructed in 2007 and De Goede
Hoop and Babylonstoren constructed in 2009, and thus could account for the minimal
denitrification rates. Furthermore, the vegetation density at De Goede Hoop and Wolwedans
was lower than that of Babylonstoren, with De Goede Hoop having very sparsely distributed
vegetation. The sparse distribution of vegetation observed at De Goede Hoop could be
attributed to the poor location of the CW that does not receive much sunlight; for Wolwedans
the larger plants at the boundary of the CW may prevent sunlight from reaching smaller
plants in the CW. Research has shown that plants are important for NO3™ removal (e.g. Lin et
al., 2002; Weisner et al., 1994); it is thus assumed that sparsely vegetated CWs will not be as

effective in removing NO3™ as compared to more densely vegetated wetlands.

It is also worth noting that as sampling was done during the cooler months, decomposition
during the warmer months may have depleted the pool of readily available degradable
organic matter, which would result in reduced denitrification later in the year (Bastviken et
al., 2005).

4.2.2 Orthophosphate (PO,*)

The main removal mechanisms for PO,* in SSF CWs are adsorption onto porous media and
plant uptake (Kadlec & Knight, 1996 cited in Akratos & Tsihrintzis, 2007). For all three sites,
orthophosphate removal was positive but low and ranged between 3.8% and 20%. The

removal percentages achieved at each site are discussed as following Table 15.

Table 15 provides a summary of the actual PO,* values recorded on each sampling occasion

per sampling point.
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Table 15: Orthophosphate (PO,*) concentrations (mg/l) recorded at the sampling sites
(Grey shading indicates substituted data)

De Goede Hoop
(S;(;'E')'”g Date 11.07 26.07 10.08 23.08 06.09 20.09 04.10
Influent 18.25 31.2 20.47 27.06 23.33 64.67 30.47
(bioreactor)
Effluent 14.05 23.73 33.13 35.53 29.9 40.87 30.07
(recirculation
pond)
23.55 28.13 26.53 35.8 30.1 28.13 28.13
Constructed pond
Groundwater 1.16 0.58 1.16 1.16 2.07 141 0.91
tank
0.08 0.28 4.17 2.53 5.97 2.92 2.04
Stream
Wolwedans
Sampling Date -
(2011) 19.07 02.08 16.08 30.08 13.09 27.09
Influent (aeration 31.7 26.96 31.06 38 43.53 414 -
tank)
26.27 20.73 24.33 31.53 42.53 23.87 -
Effluent
French drain 23.9 29.07 22.4 30.47 36.6 27.93 -
overflow
. 2.43 0.51 2.17 3.41 2.31 2.32 -
Viei
Babylonstoren
Sampling Date -
(2011) 19.07 02.08 16.08 30.08 13.09 27.09
14.05 23.73 33.13 35.53 29.9 40.87 -
Upper culvert
Influent 1.16 0.58 1.16 1.16 2.07 141 -
(bioreactor)
. 2 4.17 2. 97 2.92 -
Effluent 0.08 0.28 53 5.9 9
18.25 31.2 20.47 27.06 23.33 64.67 -
Lower culvert

4.2.2.1 De Goede Hoop
According to the regression model, the average PO,* influent concentration was 31.79 mg/I
and the average effluent concentration was 28.6 mg/l. The p-value indicated that the change
in PO,> from the average influent to effluent was not significant. In terms of percentage
removal, the mean removal percent during the sampling period was 3.8% (Table 12). The
PO, effluent concentrations however did not meet DWA’s discharge limit standard of 10
mg/l (Figure 20).
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4.2.2.2 Wolwedans
The p-value obtained during the regression analysis indicated that the change in the average
concentration from influent to effluent was not significant. The average influent
concentration was 33.42 mg/l and the average effluent concentration was 30.23 mg/l. The
mean PO4> removal percent over the sample period was 7% (Table 12). The PO,* effluent
concentrations did not meet DWA’s discharge standards (Figure 20).

4.2.2.3 Babylonstoren
The p-value indicated that the change in the average PO,* concentration from influent to
effluent was not significant. The average influent concentration was 21.66 mg/l and the
average effluent concentration was 18.48 mg/l. The mean PO,> removal percent over the

sample period was 20% (Table 12). The PO,* effluent concentrations did not meet DWA’s

discharge standards (Figure 20).

Figure 20: Comparison of effluent concentrations for PO,* against DWA’s discharge limit
standards
De Goede Hoop (a), Wolwedans (b) and Babylonstoren (c)
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4.2.2.4 Orthophosphate (PO;>) removal summary
The PO,* removal percentage obtained over the sampling period is considerably lower
compared to that obtained from laboratory - scale experiments undertaken by Akratos &
Tsihrintzis (2007), in which removal rates ranged between 28% and 89%. The low PO,
removal rates at the sites could either be attributed to low O, concentrations, which may lead
to the solubilisation of minerals and the release of dissolved phosphorus (Akratos &
Tsihrintzis, 2007) or the type of substrate used. The substrate used at all sites is recycled
rubble, comprising 19 mm brick, ceramics, marble and granite. These materials may not
contain sufficient quantities of Al, Fe or Ca to adsorb P. The adsorption of P that occurs in
wetland soils is controlled by the interaction of redox potential, pH, Fe, Al and Ca minerals
and the amount of native soil P (Faulkner & Richardson, 1989 cited in Vymazal, 2004). As
the pH of the wastewater was always either approximately neutral or alkaline, the presence of
Ca would be important. This is because, as mentioned in Chapter 2, under alkaline
conditions, precipitation occurs as insoluble Ca-phosphates, whereas under acidic conditions,

Fe and Al may precipitate as Fe-phosphates and Al-phosphates.

4.2.3 E. coli

Pathogen removal in CWs is carried out through a combination of biological, chemical and
physical factors. The E. coli removal was variable between the sites and ranged between 39%
and 85%. More detail on the treatment performance is provided as following Table 16.

Table 16 provides a summary of the actual E. coli values recorded on each sampling occasion

per sampling point.
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Table 16: E. coli concentrations (CFUs/100ml) recorded at the sampling sites
(Grey shading indicates substituted data)

De Goede Hoop

Samg(i)ﬁ)mte 11.07 26.07 10.08 23.08 06.09 20.09 04.10
Influent 625 000 110 000 590 000 660 000 740 000 23 000 680 000
(bioreactor)

Effluent 72 000 50 000 94 000 200 000 100 000 3000 4500
(recirculation
pond)
Constructed 30 000 35 000 33000 130 000 14 000 33000 33 000
pond
Groundwater 0 0 0 0 0 0 0
tank

0 0 0 0 0 0 10 000
Stream

Wolwedans
Sampling Date -
(2011) 19.07 02.08 16.08 30.08 13.09 27.09

Influent 1000 000 79 000 400 000 330000 | 2000 000 630 000 -
(aeration tank)

Effluent 520 000 50 000 350 000 280 000 | 1000 000 530 000 -
French drain 1800000 | 1300000 | 1400000 | 2400000 | 2800000 | 2700000 -
overflow
Viei 0 6000 8000 0 40000 0 -

Babylonstoren
Sampling Date -
(2011) 19.07 02.08 16.08 30.08 13.09 27.09

Upper culvert 0 0 0 0 0 0 i
Influent 2 000 000 990 000 400 000 | 2200000 | 1300000 390 000 -
(bioreactor)

Effluent 590 000 390 000 350 000 470 000 540 000 220 000 -
Lower culvert 280000 | 330000 | 56000 | 196000 | 430000 | 150 000 -

4.2.3.1 De Goede Hoop
The average influent E. coli concentration was 397 192 CFUs/100 ml and the average

effluent concentration is 36 813 CFUs/100 ml. According to the p-value, there was a

significant difference between the average influent and effluent E. coli concentrations. In

terms of removal percentage, there was a decrease in the mean E. coli concentration of 85%

over the sampling period (Table 12). The E. coli effluent concentrations did not meet DWA’s

discharge standards for faecal coliforms (Figure 21).
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4.2.3.2 Wolwedans
According to the p-value, there was a significant difference between the average influent and
effluent concentrations. The average influent concentration was 486 407 CFUs/100 ml and
the average effluent concentration was 332 660 CFUs/100 ml. In terms of removal
percentage, there was a decrease in the E. coli concentration of 39% over the sampling period
(Table 12). The E. coli effluent concentrations did not meet DWA’s discharge standards for

faecal coliforms (Figure 21).

4.2.3.3 Babylonstoren
There was a significant difference between the average influent and effluent E. coli
concentrations. The average influent concentration was 979 490 CFUs/100 ml and the
average effluent concentration was 403 645 CFUs/100 ml. In terms of removal percentage,
there was a decrease in the mean E. coli concentration of 65% over the sample period (Table
12). The E. coli effluent concentrations did not meet DWA’s discharge standards for faecal

coliforms (Figure 21).
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Figure 21: Comparison of effluent concentrations for E. coli against DWA’s discharge limit
standards
De Goede Hoop (a), Wolwedans (b) and Babylonstoren (c)

4.2.3.4 E. coli removal summary
The E. coli removal rates obtained are considerably lower than those obtained by Decamp &
Warren (2000) for four pilot-scale systems, in which very high removal rates between 96.6
and 98.9% were obtained. Keffala & Ghrabi (2005) also obtained a high E. coli removal of

90% in their laboratory-scale set-up.

It should be noted that a high removal percentage does not always indicate low bacteria
numbers in the effluent. Vymazal (2010b) argues that the number of bacteria is more
important than the reduction value. With regard to the DWA’s discharge limit standards for
pathogens, there is no standard provided for E. coli. However a standard is provided for

faecal coliforms, of which E. coli is a component. It can be deduced that for all three sites, the
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standard for faecal coliforms of 1000 CFUs/100 ml was not met. This is because E .coli was

present at high levels in the effluent and exceeded this amount by far.

The lower E. coli removal at Wolwedans and Babylonstoren as compared to the literature
could be a result of HRT. The longer the HRT, the longer the bacteria are exposed to
unfavourable conditions (Vymazal, 2010b). Figure 22 illustrates the effect of HRT on

bacterial removal.
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Figure 22: Faecal coliforms in the effluent of a FWS constructed wetland
(Source: Kurt & van Bruggen, 2000 cited in Vymazal, 2010b)

As mentioned before, the HRT at Babylonstoren may have been reduced as a result of short-
circuiting or clogging of the system. The actual HRT of the CW at Wolwedans may also
deviate from the theoretical HRT of two days because the depth of the constructed system
does not match that of the intended design and is not able to hold the water long enough for
effective treatment to take place.

4.3 Impact of CWs on surrounding water bodies

The impact of the treated effluent on surrounding water bodies was assessed by comparing
the resultant water quality to the relevant South African water quality guidelines. These
guidelines included DWA’s discharge limit standards and South African water quality
guidelines for aquatic ecosystems and domestic wastewater. The following is noted with

regard to guidelines for aquatic ecosystems:
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e The guideline refers to un-ionised NH3 only as the toxicity to aquatic biota is directly
related to the concentration of the un-ionised form (DWAF, 1996b). The percentage
of un-ionised NH3 was calculated using pH and temperature, as set out in the tables
provided in DWAF (1996b) and Hach (1999).

e The guideline includes total inorganic N as a parameter which was determined by
addlng NH3, NOs and NO;'.

e Guidelines were not given for PO,>, but for inorganic P, of which PO,> is a

component.

4.3.1 De Goede Hoop
The CW at the De Goede Hoop site was designed to be a closed system where water is
constantly re-circulated within the system with evaporation and possible groundwater
infiltration taking place (if clay liner not effective). Therefore flows from the CW were not
expected to have an impact on a nearby stream flowing across the property; the stream was

however monitored.

During the first four sampling sessions, the system did not operate as a closed system as the
property owner diverted some of the treated water to the nearby constructed pond (from
where the water either evaporated or infiltrated the ground). However, during the last three
sampling sessions, the system was reverted back to a closed system. Influent concentrations
were expected to be lower in a closed system as compared to an open system as the treated
water which circulates through the system dilutes the concentration of the incoming

wastewater. The treated wastewater retained in the constructed pond was monitored.
Groundwater on the property was also monitored. The property owner abstracted and pumped

groundwater into groundwater tanks (for irrigation purposes); groundwater was thus easily

available to monitor.
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The constructed pond:
The effluent sample was compared to DWA’s discharge limit standards (Table 17). DWA’s
effluent standard was met 14% of the time for NH3, 100% of the time for NO3;/NO;", 0% for
both PO,* and E. coli.

Table 17: Comparison of the constructed pond at De Goede Hoop with DWA's discharge limit
standards

Contaminant Constructed pond DWA’s discharge  limit
standards (RSA, 1999)

NH; (mg/l) 35 3
6.3
10.07
11.5
1.4
10.07
10.07
NO; + NO, (mg/l) 10.834 15
8.9
14.81
2.03
3.33
8.964
8.964
PO,* (mg/l) 23.55 10
28.13
26.53
35.8
30.1
28.13
28.13
E. coli (CFUs/100 ml) 30 000 1000
35000
33000
130 000
14 000
33000
33000

Stream:

Water quality in the stream was compared to DWA’s discharge standards as well as the
guidelines for aquatic ecosystems (Table 18); the NH; NOs;/NO, and PO, effluent
concentrations met DWA’s standard 100% of the time and E. coli met the standard 86 % of

the time.

99



The NH; (un-ionised form) concentrations met the guideline for aquatic ecosystems of 7
mg/l, 100% of the time. The inorganic N effluent concentrations were within the
mesotrophic*® range 71% of the time. The PO,> effluent concentrations were within the
oligotrophic** range 86% of the time.

BUnder mesotrophic conditions, the following effects may be experienced; high levels of species diversity,
productive systems, nuisance growth of aquatic plants and blooms of blue-green algae and algal blooms (seldom
toxic) [DWAF, 1996b].

14 Under oligotrophic conditions, the following may be experienced; usually moderate levels of species
diversity; usually low productivity systems with rapid nutrient cycling; no nuisance growth of aquatic plants or
the presence of blue-green algal blooms. [DWAF, 1996b].
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Table 18: Comparison of the stream at De Goede Hoop with South African water quality standards

Contaminant

Stream

DWA’s discharge
limit standards
(RSA, 1999)

South African water quality guidelines for aquatic ecosystems

(DWAF, 1996b)

NH; (mg/l)

0.02; 0.02;
0.13;0.2;
0; 0.05;
0.67

3

N/A

NH; (un-ionised ammonia only) [mg/l]

0.00001;
0.00001;
0.00004;
0.00005;
0;
0.00001;
0.00018

N/A

NO; + NOy (mg/l)

0; 0.92;
5.38; 0.002;
0.8; 1.077;
0

15

N/A

Inorganic N (NHs; + NO, + NO3") [mg/l]

0.02; 0.94;
5.51; 0.202;
0.8;1.127;
0.67

N/A

<0.5 mgl/l,
oligotrophic
conditions

0.5-2.5 mg/l,
mesotrophic
conditions

2.5-10 mg/l ,
eutrophic conditions

>10 mg/l,
hypertrophic
conditions

PO, (mg/l)

0.08; 0.28;
4.17; 2.53;
5.97, 2.92;
2.04

10

<5 mg/I, oligotrophic
conditions **

5-25 mg/l,
mesotrophic
conditions

25-250 mg/l,
eutrophic conditions

>250 mg/I,
hypertrophic
conditions

E. coli (CFUs/100 ml)

0; 0; 0; 0;0;0;
10 000

1000

N/A

1> These values are for total inorganic phosphorus and not PO,*
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Groundwater tank:

The water obtained from the groundwater tank was compared to DWA’s discharge standards
as well as the guidelines for domestic wastewater (Table 19). The guideline for domestic
wastewater includes water for gardening, which is the purpose for which the groundwater
was being stored. In terms of the groundwater quality, all the parameters, NH3, NO3/NO,
and E. coli met DWA’s discharge standards 100% of the time, indicating that groundwater is
not being polluted by the CW.

For the guidelines for domestic water, the effluent concentrations of NH3, NO3/NO," and E.

coli were in the ‘no health and aesthetic effects’, ‘no adverse health effects’, and ‘negligible

risk of microbial infection’ categories, respectively, for 100% of the time.
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Table 19: Comparison of the groundwater tank at De Goede Hoop with South African water quality standards

Groundwater | DWA’s South African water quality guidelines for domestic water (DWAF, 1996a)
Tank Discharge
limit Target water quality range
standards
(RSA, 1999)
NH3 (mg/l) 0.02; 0.02; 3 0-1 1-2 2-10 >10
0.02; 0.02; No health or aesthetic effects. Possibility of taste and odour Consumer complaints of Unacceptable in domestic water.
1.56; 0; complaints from consumers. objectionable taste and odours Danger of formation of nitrite.
0.01 likely. Disinfection by chlorine | Likelihood of fish deaths in
can be compromised. aquaria. Chlorination is severely
compromised.
NO; + NOy 2.47; 0.55; 15 0-6 6-10 10-20 >20
(mg/1) 2.47; 2.47, No adverse health effects. Rare instances of methaemo- Methaemo- Methaemo-globinaemia occurs
3.735; 1.205; globinaemia in infants; no globinaemia may occur in in infants. Occurrence of
4.004 effects in adults. Concentrations | infants. No effects in adults. mucous membrane irritation in
in this range generally well adults.
tolerated.
PO,> (mg/l) 1.16; 0.58; 10 N/A N/A N/A
1.16; 1.16;
2.07; 1.41;
0.91°
E. coli 0;0;0;0;0 1000 0 0-10 10-20 >20
(CFUs/100 ml) | 0;0 Negligible risk of microbial Slight risk of microbial Risk of infectious disease Significant and increasing risk

infection.

infection with continuous
exposure.

transmission with continuous
exposure; slight risk with
occasional exposure.

of infectious disease
transmission. As faecal coliform
levels increase, the amount of
water ingested required to cause
infection decreases.
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4.3.2 Wolwedans
At this site, treated wastewater from the CW eventually enters a vlei about 800 m
downstream. The vlei, was monitored over the sampling period. The vlei also received
wastewater from an additional source; i.e. French drain overflow (which received treated
wastewater from a separate septic tank receiving wastewater from work houses); sampling

was undertaken at the French drain.

French drain:
As expected, the French drain overflow was highly contaminated with pollutants (Table 20)
and meets DWA’s standards for NHs, PO,> and E. coli 0% of the time. In contrast, the NO5 /

NO, effluent concentrations meet DWA’s standards 100% of the time.

Table 20: Comparison of the French drain overflow at Wolwedans with DWA's discharge
standards

Contaminant French drain overflow DWA’s discharge standards
(RSA, 1999)

NH; (mg/l) 28.56 3

70.4
69.6
84.8
72.74
74.8
NO3; + NO, (mg/l) 0.08 15
9.763
7.036
5.342
4.465
5.431
PO,> (mg/l) 23.9 10
29.07
22.4
30.47
36.6
27.93
E. coli (CFUs/100ml) 1 800 000 1000
1300 000
1400 000
2 400 000
2 800 000
2700 000
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Vlei:

The water quality of the vlei were compared to DWA’s discharge standards and guidelines
for aquatic ecosystems (Table 21). NHz, NO3/NO, and PO4> met DWAs standards 100% of
the time. Meanwhile, E. coli levels were met 50% of the time.

The effluent concentrations of NH3 (un-ionised form) were well below the guideline 100% of
the time. For inorganic N, the effluent concentrations were within the range of eutrophic
conditions 67%° of the time. However, for PO,%, the effluent concentration was within the

range of oligotrophic conditions, 100% of the time.

'8Eutrophication could result in low species diversity, highly productive systems, nuisance growth of aquatic
plants and blooms of blue-green algae; algal blooms may include species, which are toxic to man, livestock and
wildlife (DWAF, 1996b).
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Table 21: Comparison of the vlei at Wolwedans with the South African water quality guidelines

Vlei DWA’s discharge Guidelines for aquatic ecosystems (DWAF, 1996b)
standards (RSA,
1999)
NH; (mg/l) 0.47;0.3; 3 N/A
0.43; 0.1,
0.61; 0.33
NHj; (un-ionised ammonia only 0.0209; 0.0019; N/A 7
0.0017; 0.0002;
0.0061; 0.0015
NO3 /NO, (mg/l) 1.038; 2.415; 15 N/A
4.999; 3.241;
2.007; 1.609
Inorganic N (NH;z + NO;, + NOy) 1.508; 2.715 N/A <0.5 mgl/l, oligotrophic | 0.5-2.5 mg/l, 2.5-10 mgl/l, >10 mg/l,
5.429; 3.341 conditions mesotrophic conditions | eutrophic conditions hypertrophic conditions
2.617;1.939
PO, (mg/l) 2.43; 0.51; 10 <5 mgl/l, oligotrophic 5-25 mgl/l, 25-250 mg/l, >250 mg/l,
2.17; 3.41; conditions mesotrophic conditions | eutrophic conditions hypertrophic conditions
2.31;2.32
E. coli (CFUs/100 ml) 0; 6 000; 1000 N/A
8 000; 0
40000; 0
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4.3.3 Babylonstoren
Treated wastewater was discharged into a culvert which runs south of the CW. Although the
culvert is not considered an aquatic system, it does eventually flow into the Berg River albeit
approximately 2.2km from the CW. The pollutant concentrations for the lower culvert were
compared to DWA’s discharge limits (Table 22). Both the upper culvert and lower culvert
were sampled, and the concentration of the pollutants was compared before and after the

wastewater from the CW entered the culvert.

For the lower culvert, the discharge standards for NH3; were met 83% of the time, for NO3
INO,™ 100% of the time and for PO,> 67% of the time. E. coli concentrations did not once
meet the standard. Furthermore, there is an increase in the concentration of all the pollutants
from the upper to lower culvert, suggesting that the treated wastewater contributes pollutants

to the system.
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Table 22: Comparison of the lower and upper culvert with DWA’s discharge limit standards

Upper culvert

Lower culvert

DWA’s discharge
standards (RSA, 1999)

limit

NH; (mg/l) 1.33 1.6 3
0.36 3.53
0.07 0.2
1.1 0.2
0.88 0.83
0.35 0.2
NO; + NO, (mg/l) 2.31 1.65 15
454 2.85
2.01 10.72
3.90 3.81
2.56 1.91
2.53 0.87
PO, (mg/l) 5.9 12.6 10
0.948 1.6
4.47 4.26
1.29 3.7
7.32 11.3
1.09 6.9
E. coli (CFUs/100 ml) 0 280 000 1 000
0 330 000
0 56 000
0 196 000
0 430 000
0 150 000
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4.4 Summary of overall performance

The CWs show variable performance both within and between systems. Variation in
performance is consistent with the literature, for example, in Akratos & Tsihrintzis (2007),
the removal efficiencies obtained for various systems had relatively large standard deviations
for TKN, NHs, TP and PO,*, indicating large variations within the systems. Furthermore, as
mentioned in Chapter 1, the results obtained by Masi & Martinuzzi (2001), also demonstrated
a large variation in percentages of removal between different systems. In all three study sites,
the variation in pollutant removal between the sites could not be compared, because it was
known from the outset that each site differed in terms of design, structure and the volumes of
wastewater passing through the system.

Overall the performance of the systems showed poor removal efficiencies, but with a few
exceptions, e.g. NH3 and E. coli removal percentages for De Goede Hoop. Furthermore, the
systems did not always meet DWA’s discharge standards. This is particularly the case for
PO, and E. coli, in which standards were not met for all the sites. It must be reiterated that
CWs might not have been operating at their peak levels of performance as sampling was
undertaken during the cooler, wetter months when oxygen transport to the substrate is limited
and when rain may have entered the systems, reducing HRT and thus negatively affecting
treatment performance. Treatment performance was thus tested under the under less ideal, but
realistic conditions because these cooler conditions need to be factored into the performance

and expectations for CWs

According to Lee et al., (2009), good performance is dependent on growth of macrophytes,
wetland design, and operation and maintenance. The poor performance of systems could be
attributed to inappropriate design as well as lack of maintenance of the systems. For example,
the short HRT at Wolwedans and hydraulic short-circuiting at Babylonstoren are examples of
how design issues may have negatively affected the performance of these systems. In terms
of macrophyte growth, the vegetation was sparse at De Goede Hoop and Wolwedans, as
compared to Babylonstoren, which may have impacted NO3™ removal. Issues regarding lack
of maintenance were also experienced at Wolwedans and Babylonstoren. Furthermore,
regarding the impacts on surrounding water bodies, the CWs did not seem to have a large
impact for all three sites, although E. coli levels were found to be high at the vlei and lower

culvert at Wolwedans and Babylonstoren, respectively.
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5 Conclusions

The aim of the research project was to determine the performance of constructed wetlands
(CWs) in treating domestic wastewater in peri-urban / rural settings of the Western Cape,
South Africa. CW systems are currently being used world-wide to treat various types of
wastewater (e.g. domestic, industrial, agricultural, stormwater) and are considered a viable
option for wastewater treatment. The research focused on the wastewater treatment by CWs
as an ecosystem service. For the purpose of this study, the definition of ecosystem services
from the MA (2003) was used, which defines ecosystem services as “the benefits people

obtain from ecosystems”.

CWs also provide a range of other ecosystem services such as visual enhancement, habitat
provision and recreational opportunities. However, as these systems behave as natural
systems, a better understanding is required if they are to operate effectively. The research
literature generally lends support to the applicability and functionality of these systems; there
is however a general failure to highlight the limitations or to emphasise the fact that these
systems are biological systems which do not have unlimited capacity to treat wastewater. The
fact that CWs are based on natural processes also means that unpredictability and variability
in treatment performance should be expected. It has also been argued that the capability of
wetlands to perform certain functions has been over estimated and that the over-
generalisation of laboratory and short-term field experiments’ results has been exaggerated to
present a more promising account of the performance of CWs (Gopal, 1999). Furthermore,
there does not seem to be much concern regarding the impact of (ineffective) CWs on the

environment.

This research focused on the performance of three CWs on the periphery of Cape Town,
Western Cape and aimed to contribute to knowledge on South African CWs performance in
general. This was done by considering the percentage change in pollutants from the influent
point to the effluent point and also by comparing effluent concentrations to effluent discharge
standards. Moreover the research interest was to purposely shift attention to an analysis of the
performance of CW systems in situ as opposed to laboratory-based studies where certain

variables are contained or controlled. The focus was also on determining the potential impact
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that these systems had on the surrounding environment by analysing the potential impact of
the CWs on surrounding or receiving water bodies. This was done by determining the quality
of the effluent and the water quality of the streams, culverts and vleis surrounding the CW
systems.

The results of the study indicated variable performance within and between systems but
overall the pollutant removal performance was poor, with the exception of NH3 (96%) and E.
coli (see below) removal at De Goede Hoop. The mean PO,* removal was low at all three
sites; 3.8%, 7% and 20% at De Goede Hoop, Wolwedans and Babylonstoren respectively.
Furthermore DWAs effluent standards of 10 mg/I for PO4> were not met at all the sites. Poor
PO4> removal can be explained either by low O, concentrations or by the choice of substrate
used. When O, concentrations are low, solubilisation of minerals and subsequent release of
dissolved phosphorus occurs. Substrates containing Al, Fe or Ca are able to absorb P better
than substrates that do not contain these metals. Mean E. coli removal percentages were
considerably lower compared to research undertaken by others, e.g. 96.6% - 98.8% E. coli
removal was obtained by Decamp & Warren (2000) for four pilot-scale systems and 90%
removal was obtained by Keffala & Ghrabi (2005) for a laboratory - scale system. E. coli
removal was 85% at De Goede Hoop, 39% at Wolwedans and 65% at Babylonstoren and at
all the sites Department of Water Affairs’ (DWA’s) effluent standards for faecal coliforms of
1000 CFUs/100ml were not met. Poor E. coli removal could be because of a short hydraulic
retention time (HRT) in which insufficient time is allowed for pathogen removal through

natural die-off, predation, sedimentation, filtration and adsorption.

Overall, it is likely that poor performance of the systems could be attributed to poor design
(which caused surface flow and short HRT), and problems with vegetation growth and lack
of maintenance. It should also be noted that the CWs were monitored during the cooler
periods, when biological activity and productivity are lowest, perhaps suggesting that these
systems need to be managed differently depending on the time of the year. Although the
performance of the systems was poor, they did not have a significant impact on the
surrounding environment as all the pollutants, except E. coli, were within the DWA’s
discharge standards as well as the South African water quality guideline limits for the
majority of the time.
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5.1 Recommendations

CWs systems behave as natural systems and thus require a better understanding if they are to
operate effectively. The results indicate that more research is required in South Africa to
obtain a better understanding of CWs so as to improve treatment performance. Future work
on CW performance in South Africa should include monitoring over a longer time period;
e.g. one year so that performance in both cooler and warmer months can be recorded. This
study only considered the cooler periods and therefore provided performance data when
biological activity and productivity were at the lowest. Furthermore a broader range of
contaminants should be included such as chemical oxygen demand (COD), biological oxygen
demand (BOD) and suspended solids. Additionally flow rates should be monitored more
closely as obtaining flow rate data over a two week period did not provide information

regarding perturbations in the flow from peaks occurring at certain parts of the day.

Improved performance of the selected CWs may be achieved by improving the management,
operation and maintenance as well as the design of the systems. For design aspects,
consideration should be given to increasing the HRT as a long HRT is an important factor for
contaminant removal; the HRT can be increased by increasing the volume of the system. To
minimise clogging of the systems, which may negatively affect performance, large diameter
rocks should be placed at the inlet and outlet pipes. It should also be ensured that flow control
structures, which are used to adjust water levels, are sized to handle the maximum design
flows so as to minimise short—circuiting (Davis, 1995). In locations such as De Goede Hoop,
where there is not much sunlight, shade — tolerant plant species should be selected (Steiner &
Watson, 1993). Plantings should ideally occur during spring to early summer so that as much
growth can occur prior to winter, thereby reducing winter plant mortality (Steiner & Watson,
1993).

In terms of management of the systems, education may play an important role in changing
behaviour e.g. discouraging overloading of the CW and encouraging continuous monitoring
and maintenance of the systems. Maintenance should include routinely monitoring the inlets
and outlets, which should be cleaned of any debris as this may result in clogging (U. S. EPA,
2000). Influent suspended solids accumulated at the inlet will need removal over time as
these accumulations may result in a reduced HRT (U. S. EPA, 2000). Washing or replacing

of the substrate is also needed so as to maintain hydraulic conductivity (Ellis et al., 2003).
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Changes in water levels affect HRT, oxygen diffusion and plant cover; any significant
changes in water levels should thus be investigated immediately (U. S. EPA, 2000).
Furthermore, the following should be routinely monitored; inflow and outflow rates, water
quality, water levels and indicators of biological conditions (e.g. percent cover of dominant
plant species and measurement of microbial populations) (U. S. EPA, 2000). Harvesting of
plants and litter removal may be necessary depending on the design of the system (U. S.
EPA, 2000). Annual removal of vegetation or replanting of vegetation may be needed to
maintain flow patterns and treatment functions (U. S. EPA, 2000).
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APPENDIX 1: HWT COMPANY PROFILE

™1 Gmail: Email from Google @ constructed wetlands der @ www,ibg.uuse/digitalAss: m www.townsville.gld.gov.a [ HWT water treatment eng \ |

&= C | [ www.hwt.co.za

HWT

WATER TREATMENT

WELCOME

HWT is a water treatment engineering company specializing in the design. censtruction and
commussioning of potable water and effluent treatment plants. Our design philosophy is based on the

utilization of appropriate technology, ease of operation and cost efficiency - - TECHNOLOGY

VWe provide complete solutions - from concept to hand over. At startup we encourage client participation
and where possible, existing equipment is included in the proposal. On commissioning our clients are
provided with detailed operational training. HWT also offers maintenance and emergency backup
senvices

WATER
CONSERVATION

Treatment plants vary in complexity and operational requirements. The technical design is dependent on

the regulating authority. For example potable water treatment plants are designed to meet the criteria of
WHO or SANS 241, whilst effluent plants are designed to mest consent limits stipulated by the South
African Department of Water Affairs and Forestry
WATER
B TREATMENT
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APPENDIX 2: BACKGROUND VARIABLES

Appendix 2a: Background variables recorded at De Goede Hoop (grey shading indicates

substituted data)

11.07.11 26.07.11 10.08.11 23.08.11 06.09.11 20.09.11 04.10.11
pH
Influent (bioreactor) 7.6 7.4 7.4 7.6 7.5 7.6 7.5
Effluent (recirculation pond) 7.9 7.8 7.8 7 7.7 7.4 6.9
Constructed pond 7.6 7.6 7.4 7.6 6.7 7.6 7.6
Groundwater tank 5.8 5.8 5.7 5.8 5.7 6 5.9
Stream 6.3 6 5.6 5.6 5.7 6.2 6.2
Temperature (°C)
Influent (bioreactor) 16.7 144 13.6 134 155 15.1 16.7
Effluent (recirculation pond) 17.5 11.6 131 135 14.4 14.2 15.7
Constructed pond 16 10.6 13.1 12.6 15.8 13.1 13.1
Groundwater tank 17.1 17.1 15.8 17.1 18.2 17 17.3
Stream 16.4 145 14.8 145 147 14.7 15.6
Electrical conductivity (uS/cm)
Influent (bioreactor) 806 860 568 791 584 889 1075
Effluent (recirculation pond) 902 838 744 860 768 889 942
Constructed pond 721 816 787 751 531 751 751
Groundwater tank 311 311 301 311 304 321 318
Stream 537 506 495 591 583 565 582
Total dissolved solids(ppm)
Influent (bioreactor) 408 428 259 394 243 444 512
Effluent (recirculation pond) 438 419 372 431 385 442 471
Constructed pond 363 410 395 375 242 375 375
Groundwater tank 153 153 150 153 152 154 158
Stream 271 256 246 294 286 284 291
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Appendix 2b: Background variables recorded at Wolwedans

19.07.11 02.08.11 16.08.11 30.08.11 13.09.11 27.09.11
pH
Influent (aeration tank) 8.2 7.7 8 7.4 7.5 7.4
Effluent 7.8 74 7 7.5 74 7.1
French drain overflow 7.8 8.1 7.8 7.9 7.6 7.6
Vlei 8.2 7.4 7.1 7 7.6 7.2
Temperature (°C)
Influent (aeration tank) 21 20.3 21.1 14.4 15.5 19
Effluent 16.2 17.2 16.8 13.2 142 18.4
French drain overflow 14.8 15.2 14.7 13.1 14.3 17.3
Vlei 16.3 14.6 135 12.7 13.8 15.6
Electrical conductivity (uS/cm)
Influent (aeration tank) 1058 1034 953 1140 989 2668
Effluent 1026 1019 962 1030 985 3275
French drain overflow 1327 1303 1246 1157 1361 1324
Vlei 339 324 310 321 305 303
Total dissolved solids(ppm)
Influent (aeration tank) 510 517 473 567 511 1334
Effluent 512 508 483 514 493 1634
French drain overflow 679 653 569 589 679 667
Vlei 171 163 140 160 152 155
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Appendix 2c: Background variables recorded at Babylonstoren

19.07.11 02.08.11 16.08.11 30.08.11 13.09.11 27.09.11
pH
Upper culvert 8.5 8.4 7.5 7.2 7.1 7.2
Influent (bioreactor) 7.4 7.6 7.8 6.9 7 6.9
Effluent 1.7 7.8 7.8 7.2 7.5 7.2
Lower culvert 8 7.8 7.2 7.1 7 7.1
Temperature (°C)
Upper culvert 135 145 16 13.2 144 16.4
Influent (bioreactor) 16.7 16 19.1 15.5 17.1 18.8
Effluent 16.6 16.5 16.4 14.9 15.2 18
Lower culvert 145 151 13.9 12.7 13.9 14.9
Electrical conductivity (uS/cm)
Upper culvert 375 402 417 405 372 356
Influent (bioreactor) 723 735 675 831 561 472
Effluent 1080 728 604 1012 789 645
Lower culvert 439 540 426 410 391 402
Total dissolved solids(ppm)
Upper culvert 184 199 208 201 183 177
Influent (bioreactor) 361 366 338 419 279 242
Effluent 535 362 304 503 395 321
Lower culvert 216 270 211 205 196 191
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APPENDIX 3: DISCHARGE STANDARDS AND WATER QUALITY
GUIDELINES

Appendix 3a: Department of Water Affairs effluent discharge standards

DEPARTMENT OF WATER AFFAIRS — GENERAL AND SPECIAL AUTHORISATION

Discharge limits and conditions set out in the National Water Act, Government Gazette No. 20526, 8§ October 1999

Wastewater limit values applicable to discharge of wastewater into a water resource

SUBSTANCE/PARAMETER GENERAL LIMIT SPECIAL LIMIT
Faecal Coliforms (per 100 ml) 1 000 0
Chemical Oxygen Demand (mg/l) 75" 30"
pH 5,5-9.5 5575
Ammonia (ionised and un-ionised) as Nitrogen 3 2
(mg/l)
Nitrate/Nitrite as Mitrogen (mgfl) 15 1,5
Chlorine as Free Chlorine (mg/) 0,25 0
Suspended Solids (mg/l) 25 10
Electrical Conductivity (mS/m) 70 mS/m above intake to | 50 mS/m above background
a maximum of 150 mS/m receiving water, to a
maximum of 100 mS/m
Ortho-Phosphate as phosphorous (mg/l) 10 1 (median) and 2,5
(maximum)
Fluoride {mg/) 1 1
Soap, oil or grease (mg/l) 25 0
Dissolved Arsenic (mgf) 0,02 0,01
Dissolved Cadmium (mg/l) 0,005 0,001
Dissolved Chromium (V1) (mg/) 0,05 0,02
Dissolved Copper (mag/l) 0,01 0,002
Dissolved Cyanide (mg/l) 0,02 0,01
Dissolved Iron (mgf) 0,3 0,3
Dissolved Lead (ma/l) 0,01 0,006
Dissolved Manganese (mg/l) 0,1 0,1
Mercury and its compounds (magfl) 0,005 0,001
Dissolved Selenium (mgfl) 0,02 0,02
Dissolved Zinc (mg/l) 0,1 0,04
Boron (mgfl) 1 0,5

+ After removal of algae
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Appendix 3b: South African Water Quality Guidelines for domestic water use

Introduction

Oecurrence

Interactions

Measurement

Data
Interpretation

Treatment
Options

Ammonia

Background Information

Ammonia (NH,), where the nitrogen atom is in the 111 oxidation state, can readily take up
an additional (hydrogen ion) to form the ammonium ion (NH',). In solution ammonia
occurs in equilibrium with the ammonium ion and the position of equilibrium is governed
by pH and temperature. Ammaonia is not toxic to man at the concentrations likely to be
found in drinking water but does exert other effects. For example, elevated concentrations
of ammaonia can compromise the disinfection of water and give rise to nitrite formation in
distribution systems, which may result in taste and odour problems.

At high pH‘ ammonia exiis prcdummanily as a gas n solution, and can be released to the
atmosphere from water. At low and neutral pH. ammonia is found predominantly as the
ammonium ion. Ammonia can also be microbiologically oxidised to nitrates.

Surface waters which are not contaminated with organic wastes, generally have a low
ammonia nitrogen concentration, typically less than 0.2 mg/B Concentrations exceeding
10 mg/Pare found in raw untreated sewage; ammonia concentrations tend to be elevated
in waters where organic decomposition under anaerobic conditions takes place. Ammonia
is found in runoff from agricultural lands, where ammonium salts have been used for
fertilizers.

The chemical reactions and toxicity effects of ammonia are closely correlated to pH.
Ammeonia is more toxic under alkaline than neutral conditions, but has a very low toxicity
under acidic conditions, Ammaonia can also form complexes with many of the transition
metals, notably copper.

The criteria are based on the free ammonia nitrogen concentration.  This is the sum of the
NH, and NH, nitrogen coneentrations, and is given in units of mg/E The reference method
for the determination of amymonia is the phenate colorimetric method, where an intensely
blue compound. indophenol, is formed from the reaction of ammonia. phenol, and
hypochlorite, under catalysis by Mn(Il). Where other methods are used, their
characteristics relative to the reference method should be known.

Mean values should be used to compare with the criteria given,

At near-neutral pH. the non-toxic ammonium ion predominates while the toxic-free
ammaonia form predominates as the pH increases to approximately 11. The volatile nature
of the free ammonia form provides a useful treatment technique to remove ammonia from
water supplies. The pH of the water can be increased to greater than 11.0 by the addition
of a strong alkali such as sodium hydroxide. to convert all the ammonia to the volatile free
form.

Treatment involves spraying water in droplet form down through a vertical stripping tower,
through which air is blown countercurrent to the water flow. This strips the volatile
aminonia from solution into the atmosphere with the air stream., leaving ammonia residuals
of less than 1.0 mg/P Air stripping of ammonia may, however, cause a local smell nuisance

Deamestic Water Use
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if the ammonia concentrations are significantly high.

The water is then made usable by re-adjusting the pH to approximately 7. Any residual
ammonia 15 likely to exist as the non-toxic ammonium ion, [If total removal of ammonia is
required the water can be passed through commercially available ion exchange resins which
have an affinity for ammonia.

Ammonia remaoval systems are not suited to treating domestic water on a household scale.

The Effects of Ammonia

Norms

Effects

Mitigation

Criteria

The norms used in the guideline for ammonia are primarily based on aesthetic effeets,
although indirect health effects associated with the possible formation of nitrite in
distribution systems have been taken into account.

The chemistry of ammonia is very complex, especially where transition metals are present
in water, and while ammonia itself is of relatively low toxicity, this is not necessarily the
case for some of its organometallic complexes.

Taste and odour complaints are likely to occur if the ammonia concentration exceeds

1.5 mg/P High concentrations of ammonia can also give rise to nitrite, which is potentially
toxic, especially to infants,

Investigate the causes of associated taste and odour problems and implement measures
designed to control eutrophication.

Effects of Ammonia on Aesthetics and Human Health

Ammonia Range Effects
(mgPN)
Target Water Quality No health or aesthetic effects
Range
- 1.0
1.0-2.0 Possibility of taste and odour complaints from
consumers
2.0-10.0 Consumer complaints of objectionable taste and
odours likely. Disinfection by chlorine can be
compromised
=10.0 Unacceptable in domestic water, Danger of
formation of mitrite, Likelihood of fish deaths in
aquaria. Chlorination is severely compromised

Sources of Information

APHA 1989, Standard Methads for the Examination of Water and Waste Water, 17th
Edition. American Public Health Association, American Water Works Association, Water
Pollution Control Federation. Published by the American Public Health Association,

Damestic: Water Use
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Indicator Organisms
Faecal Coliforms

Background Information

Introduction

Occurrence

Interactions

Measurement

Data
Interpretation

Treatment
Options

Faecal coliforms, and more specifically Escherichia coli {E.coli), are the most commonly
used bacterial indicators of faccal pollution. This indicator group is used to evaluate the
quality of wastewater effluents, river water, sea water at bathing beaches, raw water for
drinking water supply, treated drinking water, water used for irmigation and aquaculture and
recreational waters. The presence of Escherichia coli is used to confirm the presence of
faecal pollution by warm-blooded animals (often interpreted as human faecal pollution).
Some organisms detected as faecal coliforms may not be of human faecal origin but are
almost definitely from warm-blooded animals.

Faecal coliforms have been shown to represent 93 % - 99 % of coliform bacteria in faeces
from humans, poultry, cats, dogs and rodents. Some faecal coliform tests also enumerate
Klebsiella spp., which can originate from non-faecal sources and a few other bacterial
strains also of non-faccal origin. Escherichia coli usually comprises approximately 97 %
of coliform bacteria in human faeces. The remainder include Klehsiclla spp., Enterobacter
spp. and Citrobacter spp.

The activities of micro-organisms are dependent on all physical, chemical. and biological
interactions of the aquatic environment, which determine their growth rate and survival. See
indicator organisms.

Faecal coliforms are usually enumerated as counts {number of colonies)/ 100 mPof water.
Water samples must be refrigerated immediately after collection and should be analvsed
within six hours. Prior to analysis, domestic water samples containing residual chlorine
must be dechlorinated, usually with sodium thiosulphate. Analysis may be by membrane
filtration (0.45 dm diameter pore size), pour plates or by multiple tube fermentation
technigues. Faecal coliform bacteria are all bacteria which produce typical blue colonies on
m-FC agar within 20 - 24 hours of incubation at 44.5 EC. Escherichia coli are considered
to be all the faecal coliforms which test indole-positive at 44,5 EC.

Mean values should be used to compare with the criteria given and should be interpreted
as maximal values, not to be exceeded, See indicator organisms.

See indicator organisms.

The Effects of Faecal Coliforms

Norms

Effects

The norm used in the guideline for faecal coliforms is human health,

Faecal coliforms are primarily used to indicate the presence of bacterial pathogens such as
Salmonella spp., Shigella spp. Vibrio cholerae, Campylobacter jejuni, Campylobacter
coli, Yersinia enterocolitica and pathogenic E. coli. These organisms can be transmitted
via the faecal/oral route by contaminated or poorly-treated drinking water and may cause

Damestic Water Use
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diseases such as gastroenteritis, salmonellosis, dyvsentery, cholera and typhoid fever.

The risk of being infected by microbial pathogens correlates with the level of contamination
of the water and the amount of contaminated water consumed. Higher concentrations of
faccal coliforms in water will indicate a higher risk of contracting waterborne disease, even
if small amounts of water are consurmed.

Mitigation A person whao is suspected of having contracted a water-related infections disease should
receive medical attention.

Criteria Effects of Faecal Coliforms on Human Health

Faecal Coliform Range Effects
{counts/100 mB

Target Water Quality Negligible risk of microbial infeciion
Range
fl

Slight risk of microbial infection with continuous
0-10 exposure; negligible effects with occasional or short-
lerm exposure

Risk of infectious disease transmission with
10-20 continuous exposure; slight risk with oceasional
exposure

Significant and increasing risk of infectious disease
=20 transmission. As faecal coliform levels increase, the
amount of water ingested required to cause
infection decreases

Sources of Information

See indicator organisms,

Damestic: Water Use 2nd Edition, 19946 (Fst Issie) Faecal Coliforms: Page 2 of 2
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Nitrate

Background Information

Introduction

Occurrence

Interactions

Measurement

Data
Interpretation

Nitrate is the end product of the oxidation of ammaonia or nitrite, Nitrate (NOy) and nitrite
(N0,") are the oxyanions of nitrogen in which nitrogen is found in the +¥ and +111 oxidation
states, respectively. Nitrates and nitrites occur together in the environment and
interconversion readily occurs. Under oxidising conditions nitrite is converted to nitrate,
which is the most stable positive oxidation state of nitrogen and far more common in the
aguatic environment than nitrite.

Nitrate in drinking water is primarily a health concern in that it can be readily converted in
the gastrointestinal tract to nitrite as a result of bacterial reduction.

Mineral deposits of nitrates are rare due to the high water solubility of nitrates, although
large deposits of sodium nitrate (saltpetre) occur in the desert regions of Chile. Nitrates are
ubiguitous in soils and in the aguatic environment, particularly in association with the
breakdown of organic matter and eutrophic conditions.

Concentrations of nitrate in water are typically less than 5 mg/Pof nitrate-nitrogen (or,
alternatively, 22 mg/Pnitrate). A significant source of nitrates in natural water results from
the oxidation of vegetable and animal debris and of animal and human excrement, Treated
sewage wastes also contain elevated concentrations of nitrate.

Nitrate tends to increase in shallow ground water sources in association with agricultural and
urban runoff, especially in densely populated areas. Nitrate together with phosphates
stimulate plant growth. Tn aquatic systems elevated concentrations generally give rise to the
accelerated growth of algae and the occurrence of algal blooms.  Algal blooms may
subseguently cause problems associated with malodours and tastes in water and the possible
occurrence of toxicity.

Interactions with nitrate are present with all conditions associated with the presence or
breakdown of organic matter. For example, enrichment of waters with disselved organic
carbon can increase the rate of denitrification by providing an energy source for the
denitrifving bacteria. The processes of nitrification, denitrification and the active uptake of
nitrate by algae and higher plants are regulated by temperature and pH.

The criteria for nitrate are given in terms of the concentration of nitrate plus nitrite nitrogen
in units of mg/B The reference method for the determination of the sum of the nitrate and
nitrite concentration is by cadmium reduction followed by diazotisation. Nitrite alone can
be determined by diazotisation without prior reduction of the nitrate. Where other methods
are used, their characteristics relative to the reference method should be known.

Single-sample maximal values should be used to compare with the criteria given and should
be interpreted as non-exceedance limits for children under two years of age and as mean
values for older children and adults,

Transient elevations of nitrate and nitrite concentrations above non-exceedance limits are
of less importance than continuous elevated concentrations.

Damesiic Water Use
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Treatment
Options

Where water is well-oxygenated, it can be assumed that the nitrate plus nitrite nitrogen
concentrations are largely due to the presence of nitrate. Nitrite concentrations only
become significant in deoxygenated systems.

Nitrate is not readily removed from domestic water supplies. Some reduction of nitrate
may be achieved using slow sand filtration, but the method is not reliable. Biological
reduction of nitrate to nitrogen gas (denitrification) is feasible in the presence of a suitable
carbon source, but the increase in carbonaceous matter is not compatible with a high quality
water supply. Non-specific methods of removing nitrate include:

! Passing the water stream through an ion exchange column with a selective affinity for
nitrates. The method is expensive because other anions will be removed at the same
time, depending on the nature of the resin used. However, it may be attractive on a
houschold scale where only water used for drinking purposes is treated.

! Reverse osmosis, which will remove nitrate effectively from water, along with high
percentages of virtually all other ions and many organic compounds. A low-pressure
home unit will conveniently treat small quantities of drinking water satisfactorily. The
module is replaced when it begins to block through fouling or scaling.

On a commercial scale the processes described require competent operation, control and
maintenance.

The Effects of Nitrate and Nitrite

Norms

Effects

Mitigation

The norm used in the guideline for nitrate and nitrite 18 human health. There are no direct
aesthetic impacis.

Upon absorption, nitrite combines with the oxygen-carrying red blood pigment,
haemoglobin, to form methaemoglobin, which is incapable of carrying oxygen. This
condition is termed methaemoglobinaemia. The reaction of nitrite with haemoglobin can
be particularly hazardous in infants under three months of age and is compounded when
the intake of Vitamin C 1s inadequate,

Metabolically, nitrates may react with secondary and tertiary amines and amides, commonly
derived from food. to form nitrosamines which are known carcinogens.

A diet, adequate in Vitamin C, partially protects against the adverse effects of nitrate/nitrite.
Methaemoglobinaemia in infants can only be mitigated by blood transfusion.

Damestic: Water Use
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Criteria Effects of Nitrate/Nitrite on Human Health
Nitrate/nitrite Effects
Range
{as mg/PN)
Target Water Quality | No adverse health effects
Range
-6
6-10 Rare instances of methaemoglobinaemia in infants; no
effects in adults. Concentrations in this range generally
well tolerated
10-20 Methaemoglobinaemia may occur in infants. No
effects in adults
=20 Methaemoglobinaemia occurs in infants, Occurrence
of mucous membrane irritation in adults
Damestic Water Use 2ed Edlition, Fou (Ist Iisuel Nitrate: Page 3 of ¢
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Appendix 3c: South African Water Quality Guidelines for aquatic ecosystems

Introduction

Interactions

Ammonia

Background Information

Un-ionized ammonia (NH,) is a colourless, acnid-smelling gas at ambient iemperature and
pressure. It is produced natorally by the biological degradation of nitrogenous matter and
provides an essential link in the nitrogen cycle.

Ammonia may be present in the free, un-jonized form (NH,) or in the ionized form as the
ammonium ion (NH, ). Both are reduced forms of inorganic nitrogen derived mosaly from
aerobic and anaerobic decomposition of organic material. They exist cither as jons, or can
be adsorbed onto suspended organic and inorganic material.

The waicity of ammonia is directly related 1o the concentration of the un-ionized form (NH,).
the ammonium éon (MH, } having little or no toxicity to aqustic biota. The ammonium ion
dioes, however, contmibute to cutrophication. Modifying factors may alter the acute toxicity
by altering the concentration of un-ionized ammonia in the water through changes in the
armmoni-ammonium won equalibriem, of may increse the toxicity of the un-sonmzed smmonia
10 OTganisms.

Ammonia s preseni in small amounts m air, soal and water, and in large amounts in
decomposing organic matter.  Natural sowrces of ammonia inclede gas exchange with the
atmosphere; the chemical and biochemical transformation of nitrogenous organic and
imorganic matter in the soil and water; the excretion of ammonia by lving organisms; the
nitrogen fixation processes whereby dissolved nitrogen gas enters the water and ground
waler. Ammonia, assoctated with clay minerals enters the aguatic emvironment through soil
erosion. Bacteria in root nodules of legumes fix large amounts of nitrogen i the soil and this
may be leached into =urrounding waters,

Ammaonia s a common pollutant and i one of the nutnients contnbuting o eutrophication.
Commercial fertilizers contaim highly seleble ammonta and ammonum salts.  Following
application of fertilizer, if the concentratson of such compounds exceeds the immediate
reguirements of the plant, transpon vie the atmosphere or imigation waters can camry these
nitrogen compounds into aquatic systems. Other sources of ammonia mchede:

I fish-furm effluent (un-iomzed ammona);

! sewage discharge;

! discharge from indestries that use ammonia or smmonium salts @ their cleaning
OpeTations;

! manufacture of explosives and use of explosives in mining and construction; and

I mmospheric deposition of ammonia from distillation and combuestion of coal, and the
biclogical degradation of manure.

The most significant factors that affect the proportion and toxicity of un-ionized ammonia
in aguatic ccosystems are water temperature and pH. An increase i either results in an
incre=s in the relatrve proportion of un-iomzed ammonia 1 solution, and bence an increase
in toxbcily 1o aguatic organisms, a5 given in Table |

Aguatic Ecoryaiemy
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Measurement

Interpretation

Table 1: Contribation of os-ionised NH, to Total Ammonia {expressed as a
percentage), as a Functioa of pH Value and Water Temperature

‘Water Temperature (5C)

pH o 5 10 15 20 2% 0 | 38

LT ] 000%3 | noi2 o9 0027 0.03% | Gose 0079 wal

6s 0.02% LIk 059 0086 0z LRE 015 035

7.0 003 012 018 07 039 056 0 Ll

15 0.26 0.39 058 085 12 1.7 24 34
i DA2 1.2 1B 26 iE 53 73 90
L& 16 L. 55 79 11 15 0 26
a0 .6 1 Ifa 21 28 36 + il
95 21 18 37 4 55 4 Tl kL]

Ammonia toxicity is also affected by the concemrations of dissolved oxygen, carbon dioxide
and total dissolved solids, and the presence of other toxicants, such as mieta] joms, The acute
teuicity of ammonin to {ish increases as dissolved oxypen decreases. Ammonia is oxidized
1o mitrate in well oxygenated waters, Ammomia may also be adsorbed ono suspended and
bed sediments and o colloidal paricles.

Ammonia criterin for aguatic ecosystems are calculated from the total ammonia
concentration, thot =, the sam of the NH, and NH," concentrations. The reference method
for the determination of totsl ammaonia is the phenste hypochlonie method, Tollowed by
spectrophotometry or colorimetry. The concentration of free ammonia is estimated from
Table 1. The most relishle resubts are obinined on fresh samples.  However, if prompt
amalysis is not possible, samples should be preserved with H.S0,, stored at 4 BC, and
neutrulised with NoOH or KOH prior 1o analysis.

As with all determinations. of nurkents, care muost be mken o prevent contaminstion of waler
samples. Cilass bonlesvials, sutably pre-cleaned to remove nitrogences contaminants, arc
required. Samples should ot be preserved wath mitnc scwd and oo bead space m the bonle
shold be allowed

Smglc measorements of ammonm are of Bmited wse.  Prefombly, weekly ammona
concenirations, sveraged over a penod off ot keast 4 weeks, with the mummem el mamem
values reported, showld be compared with the Target Water Qualiry Range (TWOR)

Imscrpreiation of the smmonia criteria is based on the free ammonia concenEations. The
potential effoct of ammona on the aquanc emvironment is modified by the chemical speces
present, the relative proporons of cach, and other factors such as pH. lemperature and
dimsolved oxygen conoonration

N
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Minety percent (90 %) of all free ammonia estimates should be within the TWQR. All free
ammonia estimates should be below the chronic effect valve (CEV). In the case of
asccidental spills, chronic and acme toxicity effects will occur if ammonia estimates exceed
the Acute Effect Value (AEV).

Effects and Criteria

Norms

Effects

Criteria

Muedifications

The norms for assessing the effects of free ammoniz on aquatic ecosysiems are chronic and
acuie oxic effects of ammonia on aquatic organisms.

The woxicity of ammonia and ammoniem salls o aquatc orgamsms 15 directly related w the
amount of free ammonia in solution. At low to mediom pH valees, the ammonium ion
dominates, but as pH increases ammonia is formed, the Istter being considerably more toxic
to aquatic organisms. Prior exposure or acclimation to ammonia increases the tolerance of
fizsh to ammonia and enables them o withstand concentratwons that would otherwise be
ascutely lethal,

Un-ionized ammonia affects the respmratory systems of many pmimals, either by mhibiting
cellular metabolism ar by decreasimg oxypen permeability of cell membranes. Acute toxicity
i fish may cause & loss of equilibrium, hyper-exciability, an increased breathing rate, an
increased cardiac putpur and oxygen intake, and in extreme cases convulsions, coma and
death.

Chronic effectz inchude 8 reduction in hatching success, reduction in growth mte and
marphological development, and pathological changes in tissue of gills, liver and Kidneys.
An increased ventilation of the gills following exposure to ammoaia indicating a respiratory
effect has been observed in mayily larvae Ecdvomires dispar.

The TWOR and criteria for un-ionised ammonia in aquatic ecosysiems ane

TWOR and Criteria Un-ionised Ammania
Concentration
@ NB
Targer Water Quality Range (TWOR) #7
Chromic Effect Value {CEV) 15
Acuie Effect Value (AEY) 100

Naote:

X The dats svailable satisfied the minimum datshase requirements, therefore no safity
factors were applied.

In certain areas, or at certain sites, it may be necessary o modify the ammaonia critenia
provided in this guideline. Where any modification ks anticipated, the uver of the guidelines
maest obtain expert advice.  All modificatons must afford the same level of protection to
dquutic ecosystems ax stipulated by the critenia given in this guideline.

Aupunatic Ecowyasems
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Nitrogen (Inorganic)

Background Information

Intreduction

(currence

Interactions

The term inorganic nitrogen inchsdes all the major inorganie mitrogen components (MH, =
NH," = NO, + NO,') present in water. Both the dissolved forms of morganic nitrogen and
those adsorbed onto suspended inorganic and organic matenial ane included. since they are
all avalable for uptake by algae and higher planis

Ammonia (MH.) and asmmonium (NH, *) are reduced fonms of inorgensic nitrogen and dheir
relative proportsons are controlled by water tempersture and pH. Both forms can ¢xist as
dissolved tons, or can be adsorbed onto suspended matenial.

Nitrite {(NO,) s the morganic infermediate, and mitrate (30 ) the end product, of the
oxtdation of organic nitrogen and ammonia. Nitrete s the more stable of the ewo forms and
is usuily far more abundant in the aguatic environment. In view of their co-ocoumence and
rapid inter-comversion, mitrite and nilrate are osually messured and considenad logether.
Inter-conversions between the different forms of inorganic nitrogen are part of the nitrogen
cycle in aquatic scosystems,

Inorganee nitrogen i3 pramarily of concem due o mta atirmulstory cffcdt on squatic pland
growth and afgse, Most aquatic organisms ane sensitive 10 the woxic effecis of ammonia. See
gusdeline for smmonia

Surface runoff from the sumounding catchment area, the discharge of effiuent streams
containing fuman and seimal excrement, agnicultural fertilizers and organic industrial wastes
are the major sources of inorgamc nitrogen which enters aquatic svstemes.  In highly
impacted catchments, the norganic nitrogen arising from human activities can greatly excesd
"natural” sources. In addition, many groups of bacteriz are able o transform orgamic
nitrogen to morganic mitrogen doring the decomposition of organic material.

Inorgamc nitrogen is seldom present in high cones HicdEs in unimp | surface waters,
This is because inorganic nitrogen is rapidly 1aken wp by aquatic plants and converied mio
proteins and ocher organic forms of niwogen in plant ceils. In South Africa inorganic
nitrogen concentrations m unimpacted, perobic surface witters are usually below 0.5 mg NP
but may increzse to above 5 - 10 mg N/Pin highly enniched waters.

Oxidized forms of inonzanic nitrogen (usually nitrete) can sometimes be present in very high
concentrations {> 150 mg NO,-N'P in groand water. Such high concentrations can oocur
under natural conditions {ep.. mmerol salis derived from rocks ond =odl, not due o man's
activityl, or due 1o seepage from sewage systems and leaching of onganic and inorganic

fertilizers from sodl.

The processes of ammonification, nitrification, denitrification, and the active uptake of nitrate
by algac and higher plants, are regulated by water lemperature, oxypen availobbty and pH.
Changes o water temperature and phl affect ihe rmates ol which these processes occur and
thie concentration of inorganic nitrogen present in water

Nitrite can be transformed mpedly to nitrate, and vice versa, by bactenal processes. Under
aersbic conditions, mitrite is oxidized to mittale by mtrifying bacteria. Conversely, under

Agualic Ecoxyiten
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typically have an MN:P ratio greater than 2540 : 1, whilst most impacted (i.e., eutrophic or
hypertrophic) systems have an N:P ratio of less than 1021 At such low NP ratios, nitrogen
fixation is likely to oceur; this will provide additional inorganic nitrogen to the system.

In wimpacted, well-oxvgenated (dissolved oxyvgen concentration BO0-1200 % saturation)
waters, most (= 30 %) of the inorganic nitrogen should be present as nitrate; typically,
ammonia concentrations will be below 001 mg NP or less than 20 %% of the inorganic
nitrogen present.

Where effMuent discha.lgp_-s mntaining_hish ammeania or nitrate concentrations have imp@n:tcd
on acrobic waters, haﬂk_glnu|1d ilmrganir_' ni[m_gr:n concentrations risc. This will usually be
accompanied by a decrease in the dissolved oxyvgen concentration and an increase in the
BOD, COD and pH.

Effects and Criteria

Naorms

Changes in the trophic status accompanied by the growth of algae and other aquatic plants
in rivers, lakes and reservoirs, is the norm used 1o assess the effects of inorganic nitrogen
an 3ql.lﬂ-1il.-‘ LCnayElems.

Site-specific conditions, especially the availability of phosphorms, are critically important in
modifving the influence of morganic nitrogen on eutrophication. Inorganic nitrogen toxicity
15 not considered o be important for setting morganic nitrogen water quality guidelines for
protection of aquatic ecosystems,

Inorganic nitrogen concentrations below 0.5 mg W/Pare considered to be sufficiently low
that they can limit ewtrophication and reduce the likelihood of nuisance growths of blue-green
algae and other planis.  However, in the presence of sufficient available phosphores,
nitrogen-fixing organisms will be able 1o fix ammospheric nitrogen, thereby compensating for
any deticit caused by low inorganic nitrogen concentrations.

The information given in the table below illustrates typical symptoms associated with
selected ranges of inorganic nitrogen concentrations, i7all other nutrients and environmental
conditions are within favourable ranges for the organisms concerned.

Agaeeric Ecosyeiems
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Criteria

Muodifications

Average Summer
lnorganic Nitrogen
Concentration (mz/B

Effects

<{.5

Oligatrophic conditions; usually moderate levels of
species diversity: usually low productivity systems with
rapidd mutrient cychng: no nuisence growth of agquatic
plants or the presence of hlue-green algal blooms,

05=-25

Mesorrophic conditions; usually high levels of species
diversity; usually productive systems; nuisance growth
of aquatic plants and blooms of blue -green algae; algal
blooms seldom toxic.

25-10

Ewtrophic conditions; uswally low levels of species
diversity; wsually highly productive sysiems, nuisines
growth of aquatic plants and blogsms of blue-green
algne; alpal blooms may include species which are toxic
to man, livesteck end wildlife.

=10

Hypertrophoe conditions; usually very low levels of
species  diversity: usually very highly  productive
systems; nuisance growth of aquatic plants and blooms
of blue-green algae, ofien including species which are
toxic i man, livestock and wildisfe.

The inorganic nitrogen concentration for a specific aystem muost be based on the existing
trophic status of the system. 1115 undesireble to ollow morgamc mitrogen concentrotions fe
rase o n level whech will chamge the trophic stutus of the system

Range should be derived only after case- and site-specific studies,

A Target Water Quality

Water Resource

Al surtace waters

The inorgamic nitrogen criteria given in the above table should only be modified in the case
of turbid sysiems. Limited light penetration or imcreased turbulence will redoce the extent
of nusance nlgal growths a1 a given inorganic nitrogen concentration. Nuisance growths
of free-loating agquatic macrophytes (e, Water Hyacimthy will ool be reduced msuch

CASEE,

Farget Water (nality Range

X Inorgasic nitrogen concentratfons shoald not be
changed by more than 15 % from thar of the
waier body svder fpcad geimpocted condisions af
any fime of the year; and

X The rrophic states of the water body showuld ot
increase  abowve jis presenf fevel, thoagh o
decrease i frophic starus i perneissible (see
Effecis); amid

X The amplitnade and frequency of meturel cpcles
ir imargamic pitrogen concentrations shonld mor

ot g

A Eoosieiemy
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Phosphorus (Inorganic)

Background Information

Introduction

Decurrence

Interactions

Phosphores can occur in numerows orgenic and inorganic forms, and may be present in
waters as dissolved and particulate species. Elemental phosphorus does not occer in the
nutural environment. Orthophosphites, polyphosphates, metaphosphates, pyrophosphates
and orgamcally bound phosphates are found in natural walers. OF these, onthophosphate
species H.MO, and HPQ ~ are the only forms of soluble inorganic phosphoms directly
ufilizable by aquatic biota. Soluble Reactive Phosphate (SRP), or orthophosphate, is that
phosphores which is immedistely available to aguatic biota which can be transformed into
an aviastlable form by niturally occurning processes.

The forms of phosphorus in water are continually changing because of processes of
decomposition and symthesis between organically bound forms and oxidised imorganic forms.
The phosphorus cycle 15 influenced by the exchange of phosphorus between sedimentary
and agueous compartments,  In tam this = affecied by various physical, chemical and
biologieal modifying factors such as mineral-water equilibria, water pH values, sorption
processes, oxygen-dependent redox interactions, and the activities of living organisms.

Phosphorus 15 an essential mocronutrient, and is sccumulsted by o vanety of living
organisms. It hies a mijor role m the building of nuecleic acids and in the storage and use of
encrgy in cells. In unimpacted waters it is readily utilized by plants and converted into cefl
structures by photosynthetic action. Phosphorus is considered to be the principle nutrient

controlling the degree of eutrophication in aquatic ecosystems.

Matural sources of phosphorus include the weathering of rocks and the subsequent leaching
of phosphaie salis into surface waters, in addition w the decomposition of organic matier.
Spatial variation is high and is related to the characteristics of regional geology. Phosphones
levels are gencrally lowest In mountainous regions of crystalline rocks and levels increase in
lowland waters derived from sedimentary deposits.

In South Africa, phosphorus is seldom present in high concentrations m unimpacted surface
waters because it is actively taken wp by plants. Concentrations between 10 and 50 g/Pare
comumenly found, although concentrations as low as 1 de/Pof soluble morganic phosphones
may be found in "pristime” waters and a5 high as 200 mgPof total phosphoms n some
enclosed saline waters,

Elevated levels of phosphonus may result from pomnt-source discharges such as domestic and
industrial efffuents, and from diffuse sources (non-point scurces) in which the phosphorus
load i= generated by surface and subsurface drainage.  Non-point sources include
atmosphenc precipitation, urban runoff, and drainage from agricultuen] land, in particular
from land on which fertilizers have been spplied.

Phosphate is extremedy reactive under oxidizng conditions, and interacts with many cations
fe.g. Al Fe, Ca) to form relatively insoluble compounds that precipitate ow of water.
Availability s also reduced by adsorption of phosphate 1o inorganic colloids, organmic
compounds such as humics and particalate material {e.g. clays, carbonates, hydroxides).

Agmintic Ecoxysiens
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Measurement

Interpretation

The flow regime is a major factor @n the mobility, avaslability and spatial distribution of
phosphorus within a river.  Settlement of particulate matter and biotic uptake result in the
remowval of phosphores from the water column to the sediments. and during penods of low
discharge. stream bed sediments act as a sink for phosphorus.  Duning rainfall events,
phosphorus levels may be elevated by runol from the lond, and by re-suspension and
flushing of deposited material from the river bed to the water column,

Several chemical bonding processes regulate the amount of morganic phosphorus which =
bonded (o fron, alumimnivm, calcium or orgamc pobyphenols and adsorbed onto suspended
particalate material. Adsorbed phosphorus may be released from the sediments ender
conditions of high flow and under anoxic conditions from both sediments and water. The
form of phosphorus I natural surface waters and the eguilibrium of the different forms, &=
mfluenced by pH.

Phosphorus concentrations are usually determined as orthophosphates, total morgamc
phosphate or total dissolved phosphors (which includes organically bound phosphorus and
all phosphates). The dissolved forms are measured afier filtering the sample through a pre-
wished (.45 ¢ filter. Coacentrations of particulute phesphorus can be calenlated from the
difference between the concentrations of the total and dissolved fractions.

Chemical analysis of phosphorus wsually centres sround the reactivity of phosphates with
molybdate jons. During enzymatic and acidic hydrolysis complexes of phosphones are
converied to phosphate species, which are then measured colenmetnically. Four operational
calegories of phosphates result these are soluble reactive P, soluble unreactive P, particulate
reactive P, and particolate unresctive P, The most commonly measured is Soluble Reactive
Phosphate (SRP)L

Analysis of phosphorus in the laboratory should be started as soon as possible after sample
collection 1o minimize the possible effects of bacterial transformation and pH changes
Water samples should preferably mot be preserved with acid before analysis; rather, the
samples should be kept ot low temperature (< 4 BCOL

Occasional increases in the marganic phosphorus concentration above the Target Water
Quality Range (TWOR) are less importani than continuously high concentrations.  Single
measurements of phosphorus are 3 poor basis for 2ssessmenl.  Average summes inorganic
phosphorus concentrations provide the best basis from which to cstimate the likely biological
conseguences of phosphorus. Weekly inorganic phosphorus concentrations. averaged over
a period of a1 beast 4 weeks, should be compared with the TWOR.

Any assessment of the influence of the inorganic phosphorus concentrations should be
coupled with an evaluation of the ratio of inorganic nitrogen 1o inorganic phosphorus.
Unimpacted streams typically have an N:P ratio greater than 25 - 40:1, whilst most impacted
(L., eutrophic or hypertrophic) systems have an N:P rato of less than 10:1

Agticitic Ecosvstews
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Effects and Criteria

Norms

Effects

Criteria

Changes mn trophic status accompanied by the growth of algee and other agquatic plants in
rivers, lakes amd reservoirs, are the norms used 1o assess the effects of inorganic
phosphorus on aguatic ecosystems,

The mast sigmificant ¢ffect of elevated phosphorus concentrations is its stimulation of the
growth of aquatic plants.  Both phosphorus and nitrogen Timit plant growth, and of these,
phosphorus s likely to be more limuiting in fresh water. The effect is dependent on the form
of phosphorus present m the water, since not all forms are available for uptake by plants.
Other foctors, such s water temperature, light and the svailabality of other nutrients, also
phay an important role in limiting plant growih

Inorganic phosphorus concentrations of less than 5 du P/Pare considered to be sutficiently
[ to reduce the likelihood of allzal and other plant growih,

The information given in the table below illustrates tvpical symptoms associated with
selected ranges of inorganic  phosphorus  concentrations, if all other nutrients and
environmental conditions are within favourable ranges for the organisms concerned.

Average Summer Effects
Inerganic Phosphoros
_ Concentration (ge/B
<5 Oligotrophic conditions; usually moderate levels of

species diversity: usually bow productivity systems with
rupid nutrient cveling; no nuisance growth of agquatic
plamnts or blue-green algae,

5-25 Meesotroplive conditions; usually high levels of species
diversity; usually productive systems; nuisance growth
of aquatic plants and blooms of blue-green algae; algal
blooms seldom toxic.

25-250 Eutrophic conditions: wsually low levels of species
diversity; usually highly productive  svstems, wilh
nmizance growth of aquatic planis and bleoms of blue-
grecn algae: algal blooms may include species which are
toccic to man, Ivestock and wildlife.

= 250 Hwpertrophic conditions; usually very low levels of
species  diversity: uswally very  highly  productive
systems: nuisance growth of aquatic plants and bleams
of blue-green algae, ofien including species which arg
| texic to man, livestock and wildlife.

The morganic phesphorus concentration for a specific system must be based on the existing
trophic status of the system. It is undesirable to aflow inerganic phosphorus concentrations
1o rise 1o 4 level which will chamge the trophic status of the system. A Target Water Quality
Range should be derived only after case- or site-specilic studies

Aruiaric Ecowveiemy
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APPENDIX 4: DESCRIPTIVE STATISTICS

Appendix 4a: Descriptive statistics for NH; at De Goede Hoop

Location Valid N Mean | Median Min Max 25™ 75" Range | Std.dev. | CV (%)
Percentile |Percentile

Influent 7 30.37 23.20 6.73 70.00 13.07 44.80 63.27 21.69 71.40
(bioreactor)

Effluent 7 1.34 0.80 0.00 5.40 0.23 1.70 5.40 1.88 140.17
(recirculation

pond)

Constructed 7 12.06 10.07 1.40 35.00 6.30 11.50 33.60 10.69 88.62
pond

Groundwater 7 0.23 0.02 0.00 1.56 0.01 0.02 1.56 0.58 250.43
tank

Stream 7 0.16 0.05 0.00 0.67 0.02 0.20 0.67 0.24 152.73

Appendix 4b: Box and whisker plot for NH; at De Goede Hoop
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Appendix 4c

: Descriptive statistics for NO;™ at De Goede Hoop

Location ValidN | Mean | Median Min Max 25™ 75" Range | Std.dev. | CV (%)
Percentile |Percentile

Influent 7 6.08 433 0.33 17.07 1.87 8.67 16.74 5.64 92.70

(bioreactor)

Effluent 7 14.05 12.06 8.13 21.67 11.67 19.33 13.54 4.75 33.77

(recirculation

pond)

Constructed 7 8.15 8.83 1.87 14.67 3.33 10.70 12.80 434 53.26

pond

Groundwater 7 241 247 0.53 4.00 1.20 3.73 3.47 1.24 51.64

tank

Stream 7 1.16 0.80 0.00 5.33 0.00 1.07 5.33 1.90 164.09
Appendix 4d: Box and whisker plot for NO3 at De Goede Hoop

? g
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Appendix 4e

: Descriptive statistics for NO,” at De Goede Hoop

Location ValidN | Mean | Median Min Max 25™ 75" Range | Std.dev. | CV (%)
Percentile |Percentile

Influent 7 0.05 0.06 0.01 0.09 0.01 0.08 0.08 0.03 70

(bioreactor)

Effluent 7 0.08 0.08 0.04 0.13 0.05 0.09 0.08 0.03 33.49

(recirculation

pond)

Constructed 7 0.11 0.13 0 0.16 0.07 0.14 0.16 0.06 50.79

pond

Groundwater 7 0.01 0.01 0 0.02 0.01 0.01 0.02 0.01 82.07

tank

Stream 7 0.01 0 0 0.05 0 0.02 0.05 0.02 164.24
Appendix 4f: Box and whisker plot for NO, at De Goede Hoop

= [
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Appendix 4g: Descriptive statistics for NH; at Wolwedans

Location ValidN | Mean | Median Min Max 25™ 75" Range | Std.dev. | CV (%)
Percentile |Percentile

Influent 6 63.14 66.27 42.93 87.20 44.47 71.73 44.3 17.16 27.18
(aeration

tank)

Effluent 6 41.07 30.40 17.33 88.27 28.00 52.00 70.9 25.74 62.67
French 6 66.82 71.57 28.56 84.80 69.60 74.80 56.2 19.53 29.22
drain

overflow

Viei 6 0.37 0.38 0.10 0.61 0.30 0.47 0.5 0.17 46.48

Appendix 4h: Box and whisker plot for NH; at Wolwedans
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Appendix 4i:

Descriptive statistics for NO3™ at Wolwedans

Location | Valid N Mean Median Min Max 25" 75™ Range | Std.dev. | CV (%)
Percentile |Percentile

Influent 6 14.28 12.00 3.33 30.00 4.33 24.00 26.7 10.76 75.37
(aeration

tank)

Effluent 6 22.01 21.50 10.33 35.00 12.00 31.70 24.7 10.89 49.49
French 6 5.29 5.33 0.00 9.67 4.40 7.00 9.7 3.19 60.33
drain

overflow

Viei 6 2.53 2.20 1.03 4.93 1.60 3.20 3.9 1.39 54.90

Appendix 4j: Box and whisker plot for NO3™ at Wolwedans

-
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Appendix 4k: Descriptive statistics for NO, at Wolwedans

Location | Valid N Mean Median Min Max 25™ 75™ Range | Std.dev. | CV (%)
Percentile |Percentile

Influent 6 2.094 0.744 0.012 5.530 0.012 5.520 5.518 2.688 128.40
(aeration

tank)

Effluent 6 1.809 1.339 0.129 5.057 0.269 2.720 4.928 1.860 102.81
French 6 0.053 0.051 0.008 0.101 0.012 0.093 0.093 0.040 76.39
drain

overflow

Viei 6 0.025 0.012 0.007 0.069 0.008 0.041 0.062 0.025 101.25

Appendix 41: Box and whisker plot for NO, at Wolwedans
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Appendix 4m: Descriptive statistics for NH; at Babylonstoren

Location Valid N Mean Median Min Max 25™ 75™ Range | Std.dev. | CV (%)
Percentile |Percentile

Upper culvert 6 0.68 0.62 0.07 1.33 0.35 1.10 1.26 0.49 72.53

Influent 6 5.00 3.60 0.97 13.20 1.20 7.44 12.23 4,75 95.01

(bioreactor)

Effluent 6 10.45 9.94 4.00 21.33 5.07 12.40 17.33 6.22 59.56

Lower culvert 6 1.09 0.52 0.20 3.53 0.20 1.60 3.33 1.32 120.35

Appendix 4n: Box and whisker plot for NH; at Babylonstoren
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Appendix 40: Descriptive statistics for NO3” at Babylonstoren

Location Valid N Mean Median Min Max 25™ 75™ Range | Std.dev. | CV (%)
Percentile |Percentile

Upper culvert 6 2.97 2.53 2.00 453 2.30 3.90 2.53 1.01 33.98

Influent 6 8.18 8.00 1.47 14.00 6.27 11.33 12.53 4.38 53.60

(bioreactor)

Effluent 6 5.78 5.20 2.67 10.27 4.67 6.67 7.60 2.55 44,15

Lower culvert 6 3.58 2.34 0.83 10.67 1.60 3.73 9.84 3.61 100.86

Appendix 4p: Box and whisker plot for NO3™ at Babylonstoren
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Appendix 4q: Descriptive statistics for NO, at Babylonstoren

Location Valid N Mean | Median Min Max 25™ 75" Range | Std.dev. | CV (%)
Percentile |Percentile

Upper culvert 6 0.01 0.01 0.00 0.03 0.00 0.01 0.03 0.01 100.91

Influent 6 0.09 0.05 0.01 0.23 0.03 0.16 0.22 0.09 97.18

(bioreactor)

Effluent 6 0.13 0.15 0.02 0.22 0.06 0.21 0.20 0.08 61.52

Lower culvert 6 0.05 0.05 0.04 0.08 0.04 0.05 0.04 0.02 29.27

Appendix 4r: Box and whisker plot for NO, at Babylonstoren

158




Appendix 4s: Descriptive statistics for PO,> at De Goede Hoop

Location Valid N Mean | Median Min Max 25™ 75" Range | Std.dev. | CV (%)
Percentile |Percentile

Influent 7 30.78 27.06 18.25 64.67 20.47 31.20 46.42 15.71 51.05
(bioreactor)

Effluent 7 29.61 30.07 14.05 40.87 23.73 35.53 26.82 8.67 29.29
(recirculation

pond)

Constructed 7 28.62 28.13 23.55 35.80 26.53 30.10 12.25 3.75 13.11
pond

Groundwater 7 1.21 1.16 0.58 2.07 0.91 141 1.49 0.46 38.17
tank

Stream 7 2.57 2.53 0.08 5.97 0.28 4.17 5.89 2.08 80.95

Appendix 4t: Box and whisker plot for PO,* at De Goede Hoop
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Appendix 4u: Descriptive statistics for PO,> at Wolwedans

Location | Valid N Mean Median Min Max 25™ 75™ Range | Std.dev. | CV (%)
Percentile |Percentile

Influent 6 35.44 34.85 26.96 4353 31.06 41.40 16.6 6.52 18.40
(aeration

tank)

Effluent 6 28.21 25.30 20.73 42.53 23.87 31.53 21.8 7.87 27.90
French 6 28.40 28.50 22.40 36.60 23.90 30.47 142 5.07 17.85
drain

overflow

Vliei 6 2.19 2.32 0.51 341 2.17 2.43 2.9 0.94 42.80

Appendix 4v: Box and whisker plot for PO,* at Wolwedans
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Appendix 4w: Descriptive statistics for PO,> at Babylonstoren

Location Valid N Mean Median Min Max 25™ 75™ Range | Std.dev. | CV (%)
Percentile |Percentile

Upper culvert 6 3.50 2.88 0.95 7.32 1.09 5.90 6.37 2.77 79.21

Influent 6 20.72 18.05 2.30 50.40 7.73 27.80 48.10 17.96 86.69

(bioreactor)

Effluent 6 19.23 18.04 4.46 43.20 12.07 19.60 38.74 13.03 67.73

Lower culvert 6 6.73 5.58 1.60 12.60 3.70 11.30 11.00 4.40 65.47

Appendix 4x: Box and whisker plot for PO,* at Babylonstoren
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Appendix 4y: Descriptive statistics for E. coli at De Goede Hoop

Location Valid N Mean | Median Min Max 25™ 75" Range | Std.dev. | CV (%)
Percentile |Percentile

Influent 7 489714 625000 23000 740000 110000 680000 717000 293886 60.01
(bioreactor)

Effluent 7 74786 72000 3000 200000 4500 100000 197000 67576 90.36
(recirculation

pond)

Constructed 7 44000 33000 14000 130000 30000 35000 116000 38592 87.71
pond

Groundwater 7 0 0 0 0 0 0 0 0 0
tank

Stream 7 1429 0 0 10000 0 0 10000 3780 264.58

Appendix 4z: Box and whisker plot for E. coli at De Goede Hoop
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Appendix 4aa: Descriptive statistics for E. coli at Wolwedans

Location | Valid N Mean Median Min Max 25™ 75™ Range | Std.dev. | CV (%)
Percentile |Percentile
Influent 6 739833 515000 79000 | 2000000 330000 | 1000000 | 1921000 691075 93.41
(aeration
tank)
Effluent 6 455000 435000 50000 | 1000000 280000 530000 950000 320172 70.37
French 6 | 2066667 | 2100000 | 1300000 | 2800000 | 1400000 | 2700000 | 1500000 656252 31.75
drain
overflow
Viei 9000 3000 0 40000 0 8000 40000 15582 173.13

Appendix 4ab: Box and whisker plot for E. coli at Wolwedans
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Appendix 4ac: Descriptive statistics for E. coli at Babylonstoren

Location Valid N Mean Median Min Max 25™ 75" Range | Std.dev. | CV (%)
Percentile |Percentile

Upper culvert 6 0 0 0 0 0 0 0 0 0

Influent 6 | 1213333 | 1145000 390000 | 2200000 400000 | 2000000 | 1810000 773193 63.72

(bioreactor)

Effluent 6 426667 430000 220000 590000 350000 540000 370000 135154 31.68

Lower culvert 6 240333 238000 56000 430000 150000 330000 374000 133934 55.73

Appendix 4ad: Box and whisker plot for E. coli at Babylonstoren
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APPENDIX 5: REGRESSION ANALYSIS

The following abbreviations are used in the regression equations:

| = influent
W = Wolwedans
B = Babylonstoren

Nitrogen (NH3, NO3-, NO2’)

Ammonia (NH3):

e De Goede Hoop vs. Wolwedans vs. Babylonstoren

Two models were performed, these were:
1. Log (NH3) = 1+W + B
2. Log (NH3) =1+W +B + I*W + I*B

The preferred model:

The preferred model that best describes the relationship between NH3 concentration and the
explanatory variables is model 2, i.e. log (NH3) =1+ W + B + I*W + I*B. The preferred
model was obtained by comparing AIC, BIC and adjusted R? values. The adjusted R? value

for model 2 is 0.795. Table 5a presents the regression summary for the preferred model.

Table 5a: Regression summary for log (NH3) =1+ W+ B + I*W + I*B

b* Std err. b Std err. 1(32) p-value
Intercept 0.284 0.101 2.797 0.009
Influent 0.956 0.123 1.117 0.144 7.785 0.000
Wolwedans 1.019 0.119 1.282 0.149 8.581 0.000
Babylonstoren 0.574 0.119 0.722 0.149 4.834 0.000
Interaction term
(Influent*Wolwedans) -0.555 0.132 -0.889 0.211 -4.210 0.000
Interaction term
(Influent*Babylostoren) -0.910 0.132 -1.459 0.211 -6.906 0.000

R=0.907, R2= 0.822, adjusted R2=0.795, F (5, 32) = 29.621, p<O0, std error of estimate= 0.268
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Table 5a shows that:

1. There was a significant difference in the value of log (NHs) at the effluent tank
between De Goede Hoop and Wolwedans (Wolwedans p-value = 0.0001 which is
significant at 5% level) and De Goede Hoop and Babylostoren (Babylonstoren p-

value = 0, which is significant at 5% level).

2. There was a significant difference in the value of log (NH3) at the influent versus the

effluent at De Goede Hoop (influent p-value = 0, which is significant at the 5% level)

3. When the baseline site was changed to Wolwedans, there was a significant difference
between the influent and the effluent at Wolwedans (influent p-value equals 0, which

is significant at the 5% level)

4. When the baseline site was changed to Babylonstoren, there was a significant
difference between the influent and the effluent at Babylonstoren (influent p-value =

0, which is significant at the 5% level)

5. The change in the relationship between log(NH3) and influent versus effluent for
Wolwedans as compared to the De Goede Hoop was significant (Interaction term

[Influent *Wolwedans] p-value = 0, which is significant at the 5% level)

6. The change in the relationship between log(NHs) and influent versus effluent for
Babylonstoren as compared to the De Goede Hoop was significant (Interaction term

[Influent*Babylostoren] p-value = 0, which is significant at the 5% level)

Residual analysis:
The residual analysis showed that the assumptions for model 2 were valid. This is because the
distribution of standard residuals is normal. Furthermore, the plot of predicted values versus

residual scores indicates that the assumption of homogeneity®’ is valid.

1 Occurs when the errors in the predictions from the regression behave in the same way across the dataset
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Regression equation:
e LogNH3=0.284+ (1.117) | +(1.282) W + (0.722) B + (-0.889) I*W + (-1.459) I*B

De Goede Hoop:
Influent: average log (NHj3) influent is 0.284 +1.117 = 1.401 = 25.18 mg/I
Effluent: average log (NH3) effluent is 0.284 = 1.92 mg/I

Wolwedans:

Influent: average log (NHj3) influent is 0.284 + 1.117 + 1.28 - 0.89 = 1.791 = 61.8
mg/l

Effluent: average log (NH3) effluent is 0.284 + 1.282 = 1.566 = 36.81 mg/I

Babylonstoren:

Influent: average log (NHj3) influent is 0.284 + 1.117 + 0.722 — 1.459 = 0.664 = 4.61
mg/l

Effluent: average log (NHs) effluent is 0.284 + 0.72 = 1.004 = 10.09 mg/I

e De Goede Hoop vs. Wolwedans

Three models were performed, these were:
1. Log (NH3)=1+W
2. Log (NH3) =1+ W + I*W
3. Log (NH3) =1+ W + I*W + centred flow rate

The preferred model:

Model 2 i.e. Log (NH3) = 1 + W + I*W is the preferred model. It can be concluded that there
is no significant relationship between the NH3 concentration and the flow rate.
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Nitrate (NO3):
e De Goede Hoop vs. Wolwedans vs. Babylonstoren

Two models were performed, these were:
1. Log (NO3)=1+W +B
2. Log (NO3) =1+ W + B + [*W + [*B

The preferred model:

The preferred model that best describes the relationship between NOj3™ concentration and the
explanatory variables is model 2, i.e. log (NO3) =1+ W + B + I*W + I*B. The preferred
model was obtained by comparing AIC, BIC and adjusted R? values. The adjusted R? value
for model 2 is 0.292. Table 5b provides the regression summary for the preferred model.

Table 5b: Regression summary for log (NO3) =1+ W + B + I*W + I*B

b* Std err. b Std err. t(31) p-value

Intercept 1.127 0.108 10.464 0.000
Influent -0.580 0.237 -0.388 0.159 -2.447 0.020
Wolwedans 0.232 0.222 0.166 0.159 1.045 0.304
Babylonstoren -0.560 0.222 -0.400 0.159 -2.522 0.017
Interaction term

A .252 122 22 . 597
(Influent*Wolwedans) 0.135 0-25 0 0.229 0.535 0.59
Interaction term 0.538 0.252 0.487 0.229 2132 0.041
(Influent*Babylostoren)

R=0.625, R2= 0.390, adjusted R2=0.292, F (5, 31) = 3.9691 p 0< 0.007, std. error of estimate= 0.285

Table 5b shows that:
1. There was no significant difference in the value of log (NOj3) at the effluent tank

between De Goede Hoop and Wolwedans (Wolwedans p-value is 0.304, which is not

significant)
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2. There was a significant difference in the value of log (NO3) at the effluent tank
between De Goede Hoop and Babylostoren (Babylonstoren p-value is 0.017, which is

significant at the 5% level).

3. There was a significant difference in the value of log (NO3") in the concentration of
influent versus the effluent at De Goede Hoop (influent p-value is 0.02, which is

significant at the 5% level).

4. When the baseline site is changed to Wolwedans, there was a significant difference
between the influent and the effluent at Wolwedans (influent p-value is 0.02, which is

significant at the 5% level)

5. When the baseline site was changed to Babylonstoren, there is a significant difference
between the influent and the effluent at Babylonstoren (influent p-value = 0.02, which

is significant at the 5% level)

6. The change in the relationship between log (NO3) and influent versus effluent for
Wolwedans compared to De Goede Hoop was not significant (interaction term

[influent * Wolwedans] p-value = 0.597, which is not significant).

7. The change in the relationship between log (NO3) and influent versus effluent for
Babylonstoren compared to De Goede Hoop was significant (interaction term

[influent * Babylonstoren] p-value = 0.041, which is significant at the 5% level).

Residual analysis:

The residual analysis showed that the assumptions for model 2 were valid because the
distribution of standard residuals is relatively normal. Furthermore, the plot of the predicted
values versus residual scores indicates that the model fit improves with the larger values.

Regression equation:
e LogNO3 =1.126 + (-0.388) I + (0.166) W + (-0.4) B + (0.122) I*W + (0.487) I*B

De Goede Hoop:

Influent: average log (NO3’) influent is 1.126 -0.388 = 0.738 = 5.47 mg/I
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Effluent: average log (NOg) effluent is 1.126 = 13.37 mg/I

Wolwedans:

Influent: average log (NO3’) influent is 1.126 -0.388 + 0.166 +0.122 = 1.026 = 10.62
mg/l

Effluent: average log (NO3) effluent is 1.126 + 0.166 = 1.292 = 19.59 mg/I

Babylonstoren:

Influent: average log (NO3’) influent is 1.126 — 0.388 -0.4 + 0.487 = 0.825 = 6.68
mg/l

Effluent: average log (NO3’) effluent is 1.126 -0.4 = 0.726 = 5.32mg/I

De Goede Hoop vs. Wolwedans

Four models were performed, these were:
Log (NO3) =1 + W

Log (NO3) = | + W + I*W

Log (NO3) =1 + W + centred flow rate
Log (NO3) =1+ W + centred flow rate + (W*centred flow rate)

> W Do

The preferred model:

The preferred model that best describes the relationship between NO3™ concentration
and the explanatory variables is model 4, i.e. log (NO3) = | + W + centred flow rate +
(W*centred flow rate). It can be concluded that there is a relationship between the
NOj3 and the flow rate; however this relationship is not significant (p-value = 0.303).
The preferred model was obtained by comparing AIC, BIC and adjusted R? values.
The adjusted R? value for model 4 is 0.471. Table 5c provides the regression summary

for the preferred model.
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Table 5c: Regression Summary for log (NO3) = 1 + W + centred flow rate + (W*centred flow
rate)

b* Std err. b Std err. t(20) p-value
Intercept 1.098 0.081 13.502 0.000
Influent -0.506 0149 | -0.333 0.098 | -3.407 0.003
Wolwedans 0.347 0.149 0.228 0.098 2.334 0.030
Centred flow rate -0.464 0439 |  -0.002 0.002 |  -1.056 0.303
H:)tvflrfggir\‘,\}gmeégﬁgred 0.862 0.439 0.004 0.002 1.964 0.064

R=0.748, R2= 0.559, adjusted R2=0.471, F(4,20)=6.349, p<0.002, std. error of estimate= 0.244

Regression equation:

e Log (NO3)=1.098 +-(0.333) (I) + (0.228) (W) + (-0.002) centred flow rate +(0.004)

(W*centred flow rate)

De Goede Hoop:

Flow rate: the equation indicates that if the average flow rate increases by 1 unit, the
log NO3" concentration would change by -0.002 (p-value for centred flow rate =

0.303, which is not significant).

Wolwedans:

Flow rate: the equation indicates that if the average flow rate increases by 1 unit, the
log NO3" concentration would change by -0.002 (by changing the baseline site to
Wolwedans, it was determined that the centred flow rate p-value for Wolwedans =

0.303, which is not significant).
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Nitrite (NOy):
e De Goede Hoop vs. Wolwedans vs. Babylonstoren
Two models were performed, these were:

1.  Log(NO,)=1+W+B
2. Log (NOp)=1+W+B+I*W + |*B

The preferred model:

The preferred model that best describes the relationship between NO," concentration and the
explanatory variables is model 1, i.e. log (NO;) = 1 + W + B. It can thus be concluded that
the relationship between NO," and influent versus effluent does not change across the sites (as
the preferred model does not contain interactions between influent and site variables). The
preferred model was obtained by comparing AIC, BIC and adjusted R? values. The adjusted
R? value for model 1 is 0.37. Table 5d provides the regression summary for the preferred
model.

Table 5d: Regression summary for log (NO,) = | + W + B, R=0.649, R2=0.421

b* Std err. b Std err. t(34) p-value
Intercept -1.124 0.192 -5.838 0.000
Influent -0.233 0.131 -0.356 0.200 -1.782 0.084
Wolwedans 0.647 0.147 1.065 0.242 4.397 0.000
Babylonstoren 0.105 0.147 0.173 0.242 0.714 0.480

Adjusted R2=0.37, F (3, 34) = 8.235, p<0, std error of estimate= 0 .616

Table 5d shows that:
1. There was a significant difference in the value of log (NO;) at the effluent tank

between De Goede Hoop and Wolwedans (Wolwedans p-value = 0, which is

significant at the 5% level)
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2. There was no significant difference in the value of log (NO;) at the effluent tank
between De Goede Hoop and Babylostoren (Babylonstoren p-value = 0.48, which is

not significant).

3. There was a significant difference in the value of log (NOy) at the influent versus the
effluent at De Goede Hoop (influent p-value = 0.084, which is significant at the 10%

level).

4. When the baseline site is changed to Wolwedans, it can be determined that the there
was a significant difference between the influent and the effluent at Wolwedans

(influent p-value = 0.084, which is significant at the 10% level)

5. When the baseline site is changed to Babylonstoren, it can be determined that the
there was a significant difference between the influent and the effluent at

Babylonstoren (influent p-value = 0.084, which is significant at the 10% level)

6. As no interaction terms between influent and the sites are included in the model, this
means that there was no significant change in the relationship between log NO, and

influent from De Goede Hoop to Wolwedans/Babylonstoren.

Residual analysis:

The residual analysis showed that the assumptions for model 1 are valid. This is because the
distribution of standard residuals is relatively normal. Furthermore, the plot of predicted
values versus residual scores indicates that the assumption of homogeneity is valid.

Regression equation:
e Log (NOy)=-1.124 + (-0.356 )(I) + 1.065 (W) + 0.173 (B)

De Goede Hoop:

Influent: average log (NOy") influent is -1.124 -0.356 = -1.48 = 0.03 mg/I
Effluent: average log (NO) effluent is -1.124 = 0.08 mg/I
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Wolwedans:
Influent: average log (NOy) influent is -1.124 - 0.356 + 1.065 = -0.415 = 0.38 mg/I
Effluent: average log (NO;) effluent is -1.124 + 1.065 = -0.059 = 0.87 mg/I

Babylonstoren:
Influent: average log (NOy) influent is -1.124 — 0.356 + 0.173 = -1.307 = 0.05 mg/I
Effluent: average log (NOy) effluent is -1.124 + 0.173 =-0.951 = 0.11 mg/I

e De Goede Hoop vs. Wolwedans

Four models were performed, these were:

1. Log (NO2) =1+W

2 Log (NOy) = | + W + I*W

3. Log (NO7) =1+ W + centred flow rate

4 Log (NO;) =1+ W + centred flow rate + (W*centred flow rate)

Model 4 i.e. Log (NO;) = |1 + W + centred flow rate + (W*centred flow rate) is the preferred
model. It can thus be concluded that there is a relationship between the NO, and the flow
rate; however this relationship is not significant (p-value 0.666). The preferred model was
obtained by comparing AIC, BIC and adjusted R? values. The adjusted R? value for model 4

is 0.634. Table 5e provides the regression summary for the preferred model.

Table 5e: Regression summary for log (NO,) = | + W + centred flow rate + (W*centred flow
rate)

b* Std err. b Std err. 1(21) p-value

Intercept -1.101 0.175 -6.29 0
Influent -0.234 0.121 -0.4 0.207 -1.932 0.067
Wolwedans 0.62 0.121 1.064 0.208 5.125 0
Centred flow rate -0.154 0.352 -0.001 0.004 -0.437 0.666
Interaction term

(Centred flow 0.646 0.352 0.008 0.005 1.835 0.081
rate*Wolwedans)

R=0.832, R?= 0.693, adjusted R?=0.634, F (4,21)=11.843, p< 0.00003, std. error of estimate = 0.528
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Regression equation:

e Log (NOy) =-1.101 + (-0.4) (I) + (1.064) (W) + (-0.001) (centred flow rate) + (0.008)

(W=*centred flow rate)

De Goede Hoop:
Flow rate: the equation indicates that if the average flow rate increases by 1 unit, the
log NO;" concentration would change by - 0.001 (centred flow rate p-value = 0.666,

which is not significant).

Wolwedans:

Flow rate: the equation indicates that if the average flow rate increases by 1 unit, the
log NO; concentration would change by - 0.001 + 0.008 = 0.007 (by changing the
baseline site to Wolwedans, it was determined that the centred flow rate p-value for

Wolwedans = 0.666, which is not significant).

Orthophosphate

e De Goede Hoop vs. Wolwedans vs. Babylonstoren

Two models were performed, these were:
1. PO, = 1+W+B
2. POS-=1+W+B+ I*W + I*B

Model 1 i.e. PO,* =1 + W + B is the preferred model. It can thus be concluded that the
relationship between PO,> and influent versus effluent does not change across the sites. The
preferred model was obtained by comparing AIC, BIC and adjusted R? values. The adjusted
R? value for model 1 is 0.109. Table 5f provides the regression summary for the preferred

model.
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Table 5f: Regression summary for PO,> =1 + W + B

b* Std err. b Std err. t(34) p-value
Intercept 28.603 3.787 7.553 0.000
Influent 0.126 0.155 3.184 3.930 0.810 0.424
Wolwedans 0.060 0.175 1.631 4.765 0.342 0.734
Babylonstoren -0.375 0.175 -10.218 4.765 -2.144 0.039

R=0.425, R2= 0.181, adjusted R2=0.109, F (3, 34) = 2.503, p< 0.076, std. error of estimate= 12.113

Table 5f shows that:

1. The p-value for Wolwedans was 0.734, which was not significant at 5% or 10%
levels. This indicates that there was no significant difference in the value of PO, at
the effluent tank between De Goede Hoop and Wolwedans.

2. There was a significant difference in the value of PO,* at the effluent tank between
De Goede Hoop and Babylostoren (Babylonstoren p-value is 0.039, which is
significant at the 5% level).

3. The p-value for the influent is 0.424, which is not significant. This indicates that there
was no significant difference in the value of PO, at the influent versus the effluent at

De Goede Hoop.

4. When the baseline site was changed to Wolwedans, it could be determined that there
was no significant difference between the influent and effluent at Wolwedans

(influent p-value = 0.424, which is not significant)
5. When the baseline site was changed to Babylonstoren, it could be determined that

there was no significant difference between the influent and effluent at Babylonstoren

(influent p- value = 0.424, which is not significant)
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6. As no interaction terms between influent and the sites were included in the model, this
meant that there was no significant change in the relationship between PO,* and

influent at Wolwedans / Babylonstoren versus De Goede Hoop.

Residual analysis:

The residual analysis showed that the assumptions for model 2 are valid. This is because the
distribution of standard residuals is fairly normal. Furthermore, the plot predicted values
versus residual scores indicate that the assumption of homogeneity is valid.

Regression equation:

e PO, =28.603 + (3.184)1 + (1.631)W + (-10.128)B

De Goede Hoop:
Influent: average PO,* influent = 28.603 + 3.184 = 31.79 mg/I
Effluent: average PO,* effluent = 28.6 mg/l

Wolwedans:
Influent: average PO,* influent = 28.603 + 3.184 + 1.631 = 33.42 mg/I
Effluent: average PO,* effluent = 28.603 + 1.631 = 30.23 mg/l

Babylonstoren:
Influent: average PO,* influent = 28.603 + 3.184 — 10.128 = 21.66 mg/I
Effluent: average PO,* effluent = 28.603 — 10.128 = 18.48 mg/|

e De Goede Hoop vs. Wolwedans
Three models were performed, these were:
1. Log (POs)=1+W

2. Log (POS>) =1+ W + I*W
3. Log (POs*) =1 +W + centred flow rate
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Model 1 i.e. Log (PO,*) = I + W is the preferred model. It can thus be concluded that there is
no relationship between the PO,* concentration and the flow rate, and neither does the

relationship between PO,> and location (influent vs. effluent) differ between sites.

E. coli

e De Goede Hoop vs. Wolwedans vs. Babylonstoren

Two models were run, these included:

1. LogE.coli=1+W+B
2. Log E.coli=1+W + B+ I*W + I*B

The preferred model:

The preferred model that best describes the relationship between E. coli concentration and the
explanatory variables is model 2, i.e. log E. coli =1 + W + B + I*W + I*B. The preferred
model was obtained by comparing AIC, BIC and adjusted R? values. The adjusted R? value

for model 2 is 0.498. Table 5g provides the regression summary for the preferred model.

Table 5g: Regression Summary for log E. coli=1+W + B + I*W + I*B

b* Std b Std t(32) | p-value
err. err.

Intercept 4.566 0.187 | 24.412 0.000
Influent 0.728 0.206 0.933 0.264 3.527 0.001
Wolwedans 0.694 0.200 0.956 0.275 3.472 0.002
Babylonstoren 0.757 0.200 1.043 0.275 3.789 0.001
Interaction term (Influent*Wolwedans) -0.437 0.222 | -0.768 0.389 | -1.973 0.057
Interaction term (Influent*Babylostoren) -0.313 0.222 | -0.551 0.389 | -1.414 0.167

R=0.705, R2= 0.498, Adjusted R?2=0.419, F (5, 32) = 6.34, p< 0, std error of estimate = 0.495
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Table 5g shows that:

1. There was a significant difference in the value of log E. coli at the effluent tank
between De Goede Hoop and Wolwedans (Wolwedans p-value = 0.002, which is
significant at the 5% level) and De Goede Hoop and Babylostoren (Babylonstoren p-

value = 0.001, which is significant at the 5% level).

2. There was a significant difference in the value of log E. coli at the influent versus the
effluent at De Goede Hoop (influent p-value = 0.001, which is significant at the 5%

level)

3. When the baseline site was changed to Wolwedans, there was a significant difference
in the value of log E. coli between the influent and the effluent at Wolwedans

(influent p-value = 0.001, which is significant at the 5% level)

4. When the baseline site was changed to Babylonstoren, there was a significant
difference between the influent and the effluent at Babylonstoren (influent p-value =
0.001, which is significant at the 5% level)

5. The change in the relationship between log E. coli and influent versus effluent for
Wolwedans as compared to the De Goede Hoop was significant (Interaction term

[Influent *Wolwedans] p-value = 0.057, which is significant at the 10 % level)

6. The change in the relationship between log E. coli and influent versus effluent for
Babylonstoren as compared to the De Goede Hoop was not significant ( Interaction

term [Influent*Babylostoren] p-value is 0.167, which is not significant)

Residual analysis:
The residual analysis showed that the assumptions for model 2 are valid. This is because the
distribution of standard residuals is fairly normal. Furthermore, the plot of predicted values

versus residual scores indicates that the assumption of homogeneity is valid.
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Regression equation

e LogE. coli = 4.566 + (0.933) | + (0.956)W + (1.043)B + (-0.768)I*W +
(-0.551)1*B

De Goede Hoop:
Influent: average log E. coli influent is 4.566 + 0.933 = 5.599 = 397192 CFUs/100ml
Effluent: average log E. coli effluent is 4.566 = 36813 CFUs/100ml

Wolwedans:

Influent: average log E. coli influent is 4.566 + 0.933 + 0.956 -0.768= 5.687=
486407 CFUs/100ml

Effluent: average log E. coli effluent is 4.566 + 0.956 = 5.522= 332660 CFUs/100ml

Babylonstoren:

Influent: average log E. coli influent is 4.566 + 0.933 + 1.043 — 0.551 = 5.991=
979490 CFUs/100ml

Effluent: average log E. coli effluent 4.566 + 1.043 = 5.606 = 403 645 CFUs/100ml

e De Goede Hoop vs. Wolwedans

Four models were run, these included:

1. LogE.coli=1+W

2 LogE.coli=1+W + I*W

3. Log E. coli =1 + W + I*W + centred flow rate
4

Log E. coli = 1 + W + centred flow rate + (I*centred flow rate)

Model 3i.e. Log E. coli = + W + I*W + centred flow rate is the preferred model. It can thus
be concluded that there is a relationship between the E. coli concentration and the flow rate;
however this relationship is not significant (p-value = 0.175). The preferred model was
obtained by comparing AIC, BIC and adjusted R? values. The adjusted R? value for model 3
is 0.371. Table 5h provides the regression summary for the preferred model.
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Table 5h: Regression Summary for log E. coli = 1 + W + I*W + centred flow rate

b* Std err. b Std err. t(21) p-value
Intercept 4566 | 0211 | 21.623| 0.000
Influent 0675 | 0216 | 0933| 0299| 3.124| 0005
Wolwedans 0.690 | 0224 | 0956 | 0311| 3076| 0.006
zmgzicrﬂinwtglrvr\g dans) 0469 | 0268| -0768| 0440| -1748| 0.095
Centred flow rate 0222 0150 | -0002| 0002| -1403| 0175

R=0.687, R?= 0.472, adjusted R?=0.371, F (4,21)= 4.69, p<0.007, std error of estimate= 0.559

Residual analysis:

The residual analysis showed that the assumptions for model 2 are valid. This is because the

distribution of standard residuals is not normal and has a bimodal distribution. Furthermore,

the plot of predicted values versus residual scores indicates that the assumption of

homogeneity is valid.

Regression equation:

Log E. coli = 4.566 + (0.933) | + (0.956) W + (-0.768) I*W + (-0.002) centred flow rate

De Goede Hoop:

Flow rate: the equation indicates that if the average flow rate increases by 1 unit, the

log E. coli concentration would change by - 0.002 (centred flow rate p-value = 0.175,

which is not significant).

Wolwedans:

Flow rate: the equation indicates that if the average flow rate increases by 1 unit, the

log E. coli concentration would change by - 0.002 (centred flow rate p-value = 0.175,

which is not significant.

181






