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Abstract

Wastewaters from intensive agricultural activittesitain high concentrations
of nitrogen and phosphorus that contributes to ma@nagement problems. During
the past few years, there has been consideraldessttin the use of constructed
wetlands for treating surface water runoff frormfigards. If the contaminated runoff
IS not treated, this wastewater along with othem-point sources of pollution can
seriously contaminate the surface water and groatetw Integrated Constructed
Wetlands (ICWs) are a type of free water surfacélands. They are engineered
systems that are designed, constructed and opematedessfully for treating
farmyard runoff in the British Isles. However, tlomg-term treatment performance
of these systems, the processes involved in cont@rhremoval and the impact on
associated water bodies are not well-known.

The aims of this project were to assess the pedonom of full-scale
integrated constructed wetlands and understandientutrremoval in them.
Performance evaluation of these systems throughsigdly chemical and
microbiological parameters collected for more thagears showed good removal
efficiencies compared to international literature.The monitored nutrient
concentrations in groundwater and surface wateligate that ICW systems did not
pollute the receiving waters. The role of plantypghalatifolia) and sediment in
removing nutrients was also assessed. More nitragenphosphorus were stored in
wetland soils and sediments than in plants. Thaltseslemonstrate that the soill
component of a mature wetland system is an impbran sustainable nutrient

storage compartment.



A novel molecular toolbox was used to characteaisé compare microbial
diversity responsible for nitrogen removal in seéirhand litter components of ICW
systems. Diverse populations of nitrogen removiagtéria were detected. The litter
component of the wetland systems supported morershv nitrogen removing
bacteria than the sediments. Nitrogen removingdpactin the wetland systems
appeared to be stochastically assembled from the saurce community.

The self-organising map model was applied as aigred tool for the
performance of ICW and to investigate an altermativethod of analysing water
quality performance indicators. The model performesty well in predicting
nutrients and biochemical oxygen demand with easpn¢asure and cost-effective
water quality parameters. The results indicate that model was an appropriate
approach to monitor wastewater treatment proceasdscan be used to support

management of ICW in real-time.
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Chapter 1 Introduction

1.1. Background to the project

During the last three decades, there has been leasstment worth billions
of pounds in constructing wastewater treatmentifes worldwide to control water
pollution. Whilst there have been considerable ssgses in managing pollution from
point sources, but no significant investments hlbagen made to control pollution
from rural sources mainly arising from agricultugadtivities. This has resulted in
pollution, lower water quality in sensitive catchmeand polluted water supplies to
urban areas (D’Arcy et al., 2000). Several alteweatreatment options, such as
ponds, constructed wetlands and buffer zones, \ea#ahle to reduce the risk of
water pollution from agriculture.

The use of wetland systems for the treatment oftevester has increased
dramatically in the last decade with an estimatemterthan 50,000 applications
worldwide (Kadlec, 2004). Constructed wetlands argpe of treatment wetland
divided into two major types — surface flow wetlarahd subsurface flow wetlands.
A number of factors, such as enhanced enforcenfesmivaronmental standards and
sustainability issues, have provided the impetusidge constructed wetlands for
wastewater treatment in both the developed andl¢veloping world (Wallace and
Knight, 2006). These systems have been used watédtai treat different categories
of wastewater including domestic, industrial, acithe drainage, agricultural runoff
and landfill leachate (Scholz, 2006; Carty et 2008a; Kadlec and Wallace, 2009).
In contrast to conventional wastewater treatmestesys they are accepted as low-

tech, economical, green, efficient and sustainaylems that are capable of



treating different types of wastewater, becaustheir inherent capability to act as
sinks for different contaminants (Mitsh and Gos¥eli2007). These systems not
only improve the water quality but also provide itetifor a wide diversity of plants
and animals (Kadlec and Knight, 1996; Wallace anmigKkt, 2006; Mitsh and
Gosselink, 2007).

The Integrated Constructed Wetland (ICW) concepst ieen developed in
Ireland over the past 15 years. It is largely baggon mimicking natural shallow
emergent vegetated type wetlands. Using a muliedetonfiguration ensures that
contaminants are sequentially removed, with thea aard configuration of the
wetland relative to influent volume determining wral efficiencies. More than
sixty ICW systems have been constructed during gast 15 years in Ireland,
predominantly treating runoff from agricultural mdies.

Although the application of wetland systems to ttrdifferent categories of
wastewater has been widespread with the numbemrsaisiog over the course of time,
there is a lack of knowledge of the detailed renhqeahways for most of the
contaminants. There is a great need to unravebldek box system of constructed
wetlands to understand the overall removal prosesse

Understanding of wetland treatment processes llsestlving, even though
the wetland technology has been studied since {S&2lel, 1973) and has been in
full-scale operation since 1974 (Kickuth, 1977).eTpresent state-of-the-art design
approaches can be described as semi-empiricapastly empirical and partly
theoretical. There are different approaches foigiésg these systems in which
intricate physical, chemical and biological proesstake place. Models have been

developed based on the analysis of input/outpud datmass balance relationship



converging to a general form of a first-order pfloyv model. They do not take
account for the interactions and complex reactitwas take place in the wetlands.
The areal loading models developed by Kadlec andir{1996) and the volumetric
models as developed by Reed et al. (1995) havaicdimitations, for example,

none of the accepted wetland treatment performanoeels are capable of
consistent descriptions with invariant paramet&isd(ec, 2000). It is very important
to understand the variables that affect the cycbhgpollutants in order to design
systems that can meet the environmental guidelines.

Although researchers have conducted experimerdsteymine the impact of
different wetland components on pollutant remolrdle work has been carried out
on full-scale systems. Experiments have been cdaeduon microcosm-, or
mesocosm-scales using sections of pipes, flasks, pdos and troughs. Although
comparative results from these systems are uskefitlthe treatment performance
data from these systems, cannot be used, to uaddrahd design full-scale systems.
When systems are small, they are subject to sogmifiedge effects (Kadlec and
Wallace, 2009). Moreover, most of the past stutiese been conducted on juvenile
ecosystems which did not have enough time to matuks wetland technology
continues to develop, there is a need to understantbng-term variability of cycles
within these systems. The treatment variabilityorsgty influences the wetland
design, hence knowledge of factors that influenoegiterm performance like
biogeochemical cycles, become vital in understapdire functioning of treatment
wetlands.

Constructed wetlands are mechanically simple treatnsystems but the

passive treatment processes that remove contansinaafuding nutrients are



intricate. The plants, microorganisms and the switrix all play important roles in
the retention and removal of pollutants. Worldwigsearchers have carried out
investigations of wetland nutrient removal effiaign Nevertheless, they do not
agree on a commonly accepted statement of the inopaetiand age on the nutrient
removal efficiency. There is disagreement in therpretation of variables, reactions
and the impact of wetland age on nutrient removal.

Modelling and predicting treatment processes aggifstant for elucidating
the complex nutrient removal mechanisms and asgpdbe corresponding water
treatment potential of wetland systems, includi@i\s. It is necessary to model and
predict the nutrient removal processes to optirthisedesign, operation, management
and water quality monitoring strategy of a wetlasgistem. Moreover, for
management purposes and to meet the regulatoryreemnts, it is essential to
monitor the performance of these dynamic systemseat time. However, it is
comparatively difficult to model and predict thefioemance of constructed wetlands
due to the intricacies and complicated process@ésgalace within the system.

This thesis addresses these issues pertinent tareéhgment of farmyard
runoff rich in nutrients. The treatment performanoé full scale integrated
constructed wetlands will be assessed along wehrttpact of these systems on the

associated water bodies.

1.2. Rationale, aims and objectives of this research

The rationale of the research project is to asseskng-term performance of
wetland systems through studying treatment perfoigeaof full-scale mature

wetland systems and determining their impact onassociated water bodies. This



will provide information on the role of these stiwres on a catchment scale and
address the arguments of practitioners and resmatcfihe overall aim of this
project is to enhance understanding of the poltuteansformation and removal
processes in full scale integrated constructedandd.

Detailed monitoring of wetland water quality anssaciated groundwater
and surface waters was carried out for three iatedgrconstructed wetland systems
that were designed to collect and treat farmyambffu This study evaluated the
long-term assessment of various full-scale ICWeayst and impact of these systems
on the surrounding water bodies and groundwatere @application of novel
molecular microbiological techniques provided ampapunity to gain insights into
the microbial transformations responsible for rarttiremoval while the use of a
self-organising map (SOM) model was used for ptemticpurposes. The overall
goal of the thesis is to assess the performant€Wwftreatment systems in terms of
pollution control and to identify the main factavkich influence the performance in
order to increase the benefits and overcome thialions of ICWSs.

The specific research objectives are:

1. to assess the performance of full-scale integrededtructed wetlands
treating farmyard runoff and receiving high loadisbdochemical oxygen
demand (BOD), suspended solids (SS) and nutrients;

2. toinvestigate potential contamination of nearbrfesie waters and ground
water;

3. to assess the role of wetland plant and sedimamioving nutrients;

4. to investigate the nitrifying and denitrifying bagal communities in the

sediment and litter compartments of integratedstronted wetlands; and



5. to apply a self-organising map model to predictevauality parameters to

support management decisions.

1.3. Outline of thesis contents

This thesis consists of four main parts. The foatt focuses on the treatment
potential of integrated constructed wetlands arer timpact on associated water
bodies. The second part focuses on the role oftpland sediment in nutrient
removal, while the third part covers investigatairbacteria responsible for nitrogen
removal in integrated constructed wetland systerhe. fourth part focuses on the
application of a self-organising map model for pediction of wetland performance.
The thesis is organised into nine chapters.

Chapter 1 Introduction
In this chapter, a brief background and, the aimd @bjectives of this study are

described.

Chapter 2 Constructed Wetlands
This chapter presents an overview of constructeitbnas, their types and pollutant
removal mechanisms. The components of constructettmds and the removal

processes are also described in this chapter.

Chapter 3 Integrated Constructed Wetlands
This chapter describes the novel concept of Intedr@€onstructed Wetlands. It also

discusses the application of ICWs for remediatibagicultural runoff.



Chapter 4 Materials and Methods
This chapter describes the study sites along Wethstudy design, data collection and
subsequent analysis. Methods adopted to cover usmracets of the study are

described.

Chapter 5 Overall Treatment Performance

This chapter focuses on the performance treatmenhree full-scale integrated
constructed wetlands. The characteristics and igéiser of the study sites along
with the monitoring scheme are described. The fadtmat influence the removal of
nutrients from these systems have been investig@teslimpact of these systems on

associated surface and groundwaters is also destuss

Chapter 6 Role of Plants and Sediment

This chapter focuses on the role of plants andnsexali in removing nutrients from
wetland systems. The impact and importance of tlteseponents in the wetland
setting is discussed. In addition, the contribut@nnutrient uptake by emergent
macrophytes and nutrient storage in the accumuksdonent and new accretions in

a mature integrated constructed wetland is destribe

Chapter 7 Microbial Ecology

This chapter outlines the application of molecuéahniques to characterise bacteria
that are responsible for the removal of nitrogenntegrated constructed wetlands.
The chapter also investigates using a theoretiaahdwork the species composition

of nitrogen removing bacteria in different wetlasydtems.



Chapter 8 Application of Self-Organising Map Model

The chapter describes the application of an adilfiatelligence technique to support
integrated constructed wetland management decisibie. application of the
self-organising map (SOM) in predicting nutrientedaother water quality

parameters such as BOD that are expensive to rmamiteal time is demonstrated.

Chapter 9 Conclusions and Recommendations
The final chapter presents the conclusions by sumsimg the key findings from this

research along with recommendations for potentidhér reseach.



Chapter 2 Constructed Wetlands for
Farmyard Runoff Management

2.1. Introduction

An overview of constructed wetlands is presentedthis chapter. The
definition of wetlands, types of constructed wedsnthe components of free water
surface constructed wetlands and contaminant reimpxa@cesses within these
systems which are analogous to those of integratmustructed wetlands are
described in this chapter.

The structure of this chapter is as follows. Sedid®.2, 2.3 and 2.4
summarise the definition, types, components and ovain mechanisms of
contaminants in constructed wetlands. Section 8ggribes the ICW concept and its

application to control nutrient-rich runoff fromrfayards.

2.2. Definition of wetlands and constructed wetlands
In this section the definitions of wetlands andchstoucted wetlands are
presented because they are very important for ¢lentdfic understanding of these

systems.

2.2.1. Wetlands

The Convention on Wetlands (Ramsar, Iran, 1971)ecathe “Ramsar
Convention”, which directed international attentionthe importance and protection
of wetlands proposed the following definitionwvétlands are areas of marsh, fen,

peatland or water, whether natural or artificialepnanent or temporary, with water



that is static or flowing, fresh, brackish or sahlicluding areas of marine water the

depth of which at high tide does not exceed sixasiet

Generally, “wetlands are defined as lands whereirg@bn with water is the
dominant factor determining the nature of soil depment and the types of plant

and animal communities living on the surface” (Caluaet al., 1979).

The U.S. Army Corps of Engineers (Corps) and th8. lEnvironmental Protection
Agency (EPA) jointly define wetlands &&reas that are inundated or saturated by
surface or ground water at a frequency and duraoifficient to support, and that
under normal circumstances do support, a prevalericegetation typically adapted
for life in saturated soil conditions. Wetlands geally include swamps, marshes,

bogs, and similar areas."

2.2.2. Constructed wetlands

Constructed wetlands are man-made systems thateargned to emphasise
specific characteristics of the wetland habitatifoproved water treatment capacity
(Wallace and Knight, 2006). They may be built ast pd a treatment train that

includes processes encompassing physical/chemeedirtent methods.

2.3. Wetland systems versus conventional
wastewater treatment systems

In contrast to conventional wastewater treatmesstesys the constructed

wetland systems are accepted as low-tech, econdngceen, efficient and
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sustainable systems that are capable of treatiffgrelt types of wastewater,
because of their inherent capability to act asssiok different contaminants (Mitsch
and Gosselink, 2007). These systems not only ingtbe water quality but also
provide habitat for a wide diversity of plants aamdmals (Kadlec and Knight, 1996;
Wallace and Knight, 2006; Mitsch and Gosselink, Z0@Compared to conventional
wastewater treatment systems, wetlands have a rhigibe of biological activity

which enables conversion of many of the pollutattitat are contained in the
wastewater into non-toxic by products or essemtidtients that can be reused for

additional biological activity (Kadlec and Walla@09).

2.4. Types of treatment wetlands

The single main purpose of treatment wetlandsoisniprove the water
quality. The use of wetlands to treat wastewater @oiluted water is an intriguing
concept involving the building of a partnershipvbe¢n humanity (our wastes) and
an ecosystem (wetlands) (Mitsch and Gosselink, ROOiere are generally two

types of treatment wetlands: natural wetlands ams$tcucted wetlands.

2.4.1. Types of wetlands

Natural wetlands (Figure 2-1) can be broadly di&ssinto the following
types:
» Coastal or marine wetlands (Tidal salt marsh, ticdedhwater marsh, mangrove

wetlands)
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Figure 2-1. Natural wetland (after Mitsch and Géage2007).

* Inland wetlands (Palustrine; forested and scruld,lamergent, non-vegetated
wetlands, area less than 8 ha.)

* Riverine wetlands

* Lacustrine wetlands (Lacking trees, shrubs, pensistmergent vegetation, with

greater than 30 percent areal coverage, areatimame8 ha.)

2.4.2. Types of constructed wetlands

Constructed wetlands can be categorized into thase types:

1) Free water surface (FWS)

These closely resemble natural wetlands and coataas of open water, emergent
plants and floating vegetation. FWS also provideilmy benefits in the form of
biodiversity enhancement and habitat for insectsljuscs, fish, amphibians, birds,
reptiles and mammals. The wastewater destined fttawd treatment may be
released directly into the wetland system or mayet through a treatment train. As
the wastewater passes through these systems ttesrgpants are reduced by various

physical, chemical and biological mechanisms in weter column and the soil
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matrix. Compared to other wetland types they rexaidarger footprint, and hence
are capital cost-competitive but with low operatowgts.

The first engineered constructed wetland treatmgitdt systems were
constructed in 1973 at Brookhaven National Labaoyateear Brookhaven, New
York, USA. In contrast to Europe, North America hawsre FWS, because of
abundant space availability. For example, Floridéhe USA has one of the largest
constructed wetland treatment areas in the wotheé: ost common applications of
FWS are for polishing secondary treated effluerthsas from activated sludge
systems, trickling filters. Integrated Constructétetlands are classified as FWS

systems (Kadlec and Wallace, 2009). The compor#rad-WS system are shown in

Figure 2-2.
Vegetation
Influent Effluent
= )

Wastewater flow zone

}Soil / root zone

Figure 2-2. Schematic of free water surface hotaidiow constructed wetland with

emergent macrophytes.

2) Sub-surface flow (SSF)
The system consists of gravel or soil beds plamigd wetland vegetation

that is limited to emergent vegetation. The wastema these systems stays beneath

13



the surface of the media. The flow may be eitheizbatal or vertical through the
system corresponding to horizontal sub-surface {ldSSF) or vertical subsurface
flow (VSSF), respectively. Compared to FWS theyureg|less land area but are
generally they are more expensive than FWS wetlaedause of the gravel media
and do not provide ancillary benefits of biodiveysind wildlife habitat. Most of the
European countries prefer SSF wetlands becauser¢geyre less area and space is
much more at a premium in Europe than in North AcaerThese systems were
initiated in the Max-Planck Institute, Germany,1li853 with the pioneering work of
Kathe Seidel. Later Reinhold Kickuth developed$3H wetland process known as
the root zone method (RZM) which involves a soildimecomposed of typically clay
loam and planted witlPhragmites(Kickuth and Kénemann, 1987). The first full-

scale RZM wetland became operational in 1974 didnburgh-Othfresen, Germany.

Influent distribution N ol

'-... I?.'. ‘... .?"' {\
~«ne.mlmlm AR Water level
W | control
—— [ o

Effluent

Coarse media
Main bed media Impermeable liner
Figure 2-3. Longitudinal section of a horizontabsurface flow constructed wetland

(after Wallace and Knight, 2006).
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In the UK SSF are commonly called reed bed treatragstems. Presently,
there are more than 1000 systems in the databaseiled by the Constructed
Wetland Association of the United Kingdom. A schémaf SSF with horizontal

flow is shown in Figure 2-3.

3) Hybrid system

A hybrid system (Figure 2-4) is a combination ofotwr more different
systems. For example a VSSF wetland may be usedmbination with a HSSF
wetland or a free water surface wetland. VSSF igeeonditions in which higher
levels of oxygen can be transferred producing &fied effluent. HSSF have a
limited capacity to produce nitrified effluentsuthVSSF can be used in conjunction
with HSSF or FWS wetlands to create nitrificaticendrification treatment trains.
An example of the hybrid constructed wetlands apgmocan be found at Koo,
Estonia, where the system consists of two VSSF belisved by a HSSF bed and

two FWS wetlands (Mander et al., 2003).
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Vertical flow wetland HSSF wetland

Figure 2-4. A hybrid (vertical flow + horizontal lssurface flow) wetland system.

15



2.5. Wetland hydrology

In wetlands, water is added from natural or antbggmic sources and is also
subtracted. This addition and subtraction of watartrols the flow and depth. The
movement of water in wetlands is important anduifices the reduction of pollution
in these systems.

Figure 2-5 represents the components of a wetlasgrnbudget. The flow
exiting a wetland system depends on several factmisding evapotranspiration,
precipitation, infiltration and extraneous sourcéke flow rate exiting the wetland
can be calculated as follows:

Qout = Qin@c — Qgw - ET +P (2-1)

Where:

Qou = flow exiting the wetland, fitd

Qn = flow entering the wetland,

ET = evapotranspiratiorm*/d

P = precipitation m*/d

Qgw =infiltration, m*/d

Qc = catchment runoff rate, ¥l

The hydrologic conditions not only determine tharplspecies composition
but also have an effect on the soils and nutri¢htissch and Gooselink, 2007).
Hydrology also controls the biogeochemical charssties of wetlands (Reddy and
Delaune, 2008). For example, when soils are floottesl oxidised species are
converted to reduced forms through microbial preessand this produces anaerobic
conditions in wetland soils which in turn suppoitragen removal processes like

denitrification.
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Figure 2-5. Constructed wetland water budget.

The hydrology of wetland systems is much more cemphan that of
conventional wastewater treatment systems. The nweatier depth calculation
involves a detailed survey of the water elevatitus @ survey of wetland bottom
topography. If h is the water depth, H is the logater elevation and G is the local
ground elevation, then the local depth can be tatled as the difference between H
and G;

h=H-G (2-2)

The water depth in the Houghton Lake wetland ptpjdachigan, USA, was
determined by the difference between ground elematnd stage recordings
(Kadlec, 2009). The nominal wetland water volumedgfined as the volume
enclosed by the upper surface of water and thetmo#ind sides of the containment
structure. Detention time is defined as the rafiovetland water volume to the
volumetric flow rate. In wetlands, conservativectn studies provide a direct

measure of the actual detention time (Dierberg@elousk, 2006; Sua et al., 2009).
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The treatment effectiveness of surface flow wetlaydtems including
integrated constructed wetlands (ICWSs) is typicdlgsed on having appropriate
hydraulic residence times, which depend very muttihe specific site conditions
(Harrington et al., 2005). In shallow, emergent amdjetated wetlands, such as
ICWs, this hydraulic residence time depends onrwasufficient functional wetland

area with an appropriate length to width ratio artdgh vegetation density.

2.6. Groundwater infiltration

Infiltration of polluted water can degrade the ayabf groundwater and is
therefore important and a matter of concern forulagrs, practitioners and
researchers. Most treatment wetlands are theréfweé either with synthetic liners
or clay. The soil lining the wetland base must adéely impede infiltration to
protect groundwater (Dunne et al., 2005a,b; Keoheinal., 2005; Scholz et al.,
2007). Where low permeability soils suitable foe tonstruction of a wetland (such
as clays) are not found on site, alternative messsinould be taken. Additional soils
can sometimes be found locally, but this may inadditional costs for
transportation, particularly if located away frommetsite. The use of an artificial
plastic liner, similar to that required for a laiidfcan also be considered. However,

it will incur a much greater cost and may requeglacement in the future.
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Infiltration in wetlands occurs by vertical flow dndepends on soil
conditions. If the soil is fully saturated then ater mound may form above the
shallow aquifer. Conversely, if the soil is unsatad then the water may percolate
downwards beneath the wetland. During its downwaodement, the wetland water

may receive some additional treatment by microthégjradation.

2.7. Contaminant removal mechanisms

Wetland systems are exposed to different pollufasuish as phosphorus,
nitrogen, pathogens, pesticides, heavy metalsyaggsiic compounds, in varying
quantities. There are wide arrays of physical, dbahand biological mechanisms
that transform and distribute pollutants in the tiplé abiotic and biotic components
of wetland systems. As wastewater enters the webtlire velocity is drastically
reduced resulting in settling of suspended solMigtrients increase plant biomass
production whilst the growth, dieback and decomimsiof plant biomass create
internal storage compartments. Removal of pollstantcurs through different
processes such as sedimentation, filtration, miatategradation, plant uptake, and
adsorption. (Kadlec and Knight, 1996; IWA, 200@Ws which are the main focus
of this thesis are shallow emergent-vegetated irater surface wetlands which are

detailed in the following sections.
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Figure 2-6. Constructed wetland components andgaal processes (after Wallace

and Knight, 2006).

2.8. Components of FWS

To understand the treatment processes it is impota know about the
components of a wetland system because all theegses occur within each or
multiple components. Different components alonghwite ecological processes of
constructed wetlands are shown in Figure 2-6. F\&A& three components: a fixed
component, a water component and an atmospheripauent (Breen, 1990).

The fixed component includes the wetland substratetland vegetation,
accumulated litter and detritus, and microbial ifna$, while the water component
comprises the influent, the water column, the effluand the associated pollutants.
The atmospheric component regulates the movemegasds into and out of the

water column (Wallace and Knight, 2006).
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2.9. Physical removal processes

Physical processes play a vital role in the reductf both dissolved and
particulate pollutants. The main physical processeslved in pollutant removal
from wetland systems are gravitational settlingffudion and volatilisation.
Gravitational settling is an important process teatsponsible for suspended solids
removal. The diffusion process facilitates oxygemsfer from the atmosphere into
the water column resulting in a thin layer of ngadturated DO at the top of the
water column. Volatilsation occurs when compoundsgh wsignificant vapour

pressures change to the gaseous state and leavatdrecolumn.

2.10. Chemical removal processes

Chemical processes play an important role in tiheokal of phosphorus and
dissolved metals. The major chemical removal mesha are adsorption,
ultraviolet (UV) radiation and chemical precipitaii The accumulated plant detritus
is the wetland substrate and during adsorption pbiutant is adsorbed on the
adsorption media (substrate). If the adsorbed nahtesin be microbially degraded,
as for organic compounds, then the sorption sites lie renewed. If the material
cannot be microbially degraded, such as phosphtireis the sorption sites will
finally become saturated and removal through thestmanism will cease.

The UV radiation that enters the water column freamlight chemically
affects the molecules. For example, the viabilifypathogens is affected. The
process of chemical precipitation takes place wreattions within the wetlands

result in the formation of insoluble compounds. Metsuch as iron, copper and
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nickel are removed by hydroxide or sulphide preaipn within the wetland system

(Wallace and Knight, 2006).

2.11. Biological removal processes

Wetlands house a wide variety of microorganism$ sagcbacteria, fungi and
algae. These organisms are responsible for thekdwean and consumption of

different pollutants in particular organic mattedanutrients.

2.12. Removal mechanisms

2.12.1. Suspended solids removal

Suspended solids are removed by physical procéssmsen as discrete and
flocculent settling as well as filtration/intercept mechanisms (Hammer et al.,
1993, Tanner et al., 1995, Kadlec and Knight, 198&llace and Knight, 2006).
Sedimentation is promoted by plant detritus througtuction in water column
mixing. Plant detritus also drastically reduces #tear forces, thus enhancing
flocculation and settling performance. Settlingsospended particulate matter by
gravity is optimised by low flow velocity and lomgsidence time. FWS systems are
very efficient at removing suspended solids, wimoval rates >90%, but these
systems are complicated and sensitive becauseeofeguspension of previously
settled solids by bioturbation (Gearheart et 92, Hey et al., 1994; Wallace and

Knight, 2006).
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2.12.2. Organic matter degradation

Organic matter degradation may occur either throagiobic or anaerobic
processes. In the upper reaches of the water colaerobic conditions tend to
prevail while anaerobic conditions will occur iretplant/detritus layer at the water
column base. The oxygen needed to support aerobeegses is supplied through
atmospheric diffusion, photosynthesis, internal gety transport within emergent
wetland plants and rainfall reaeration (Moshiriaét 1993). Wetland systems also
have their internal organic matter loads from grgvdieback and decomposition of
biomass produced by wetland plants. The followiiggie shows carbon cycling in

wetland systems.
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Figure 2-7. Schematic diagram showing the majorpgmments of the carbon cycle in

wetland systemaIC, dissolved inorganic carbon; DC, dissolved caffeC, particulate carbon
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2.12.3. Nitrogen removal

2.12.3.1. Nitrogen occurrence in constructed wetlands

Different compounds of nitrogen are among the nrogortant constituents
of wastewater and of concern to engineers and tistieiecause of their polluting
and toxic effects on receiving waters and speadiesent. In wetlands, nitrogen exists
in two forms: inorganic nitrogen compounds and aorganitrogen compounds.
Ammonia, nitrite, nitrate and nitrogen gas or dwgen are included in inorganic
nitrogen compounds, while amino acids, urea and adids, and purines and
pyrimidines are a variety of compounds that make thp organic nitrogen
compounds. Some of the important inorganic nitrogempounds are discussed

below.

2.12.3.2. Ammonia nitrogen

NH," (ionized ammonia), also known as ammonia nitrogepredominant in
wetland systems (Kadlec and Wallace, 2009). Cdirigplnd reducing the ammonia
concentrations is a key consideration in the desijmvetland treatment systems
because ammonia is the principal form of nitrogenwiastewater and has the

potential to degrade the environment.

2.12.3.3. Nitrite
NO; is chemically unstable and is found in low concatiins. Detectable
levels of nitrite are an indication of the presemdéean anthropogenic source and

incomplete nitrogen assimilation.
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2.12.3.4. Nitrate
NOjs'is chemically stable and remains untransformetiéntumerous energy-
consuming biological nitrogen transformations thatur (Kadlec and Knight, 1996).

It is an essential nutrient for plant growth.

2.12.3.5. Microbial transformations of nitrogen

Nitrogen is interchanged between the atmosphergantc matter and
inorganic compartments through dynamic processe®himg microorganism-
mediated chemical (biochemical) reactions (Figur8).2The understanding of
nitrogen transformations and the environmental oiact that control these
transformations is essential for the design of avetl systems to treat nitrogen

(Kadlec and Wallace, 2009).

Plant
biomass N
Nz N2O (9) N, k Litter fall NH;
1 l ‘\\ / { Volatilization
NO. Nitrification NH,* ‘ ekl Mmerallzatloq NH,* Water
l t — = t column
e —
+ Plant Peat .. Aerobic
NO3 [NH, ]smg accretion [NH4]s Anaerobid
Denitrification v
Organic N <= Microbial ~Adsorbed
N NO (g) biomass N NH4
— 2, 2

Figure 2-8. Schematic diagram showing the majaoogén transformations (adapted
from Reddy and DelLaune, 2008)
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2.12.3.6. Nitrogen transformations in wetlands

Nitrogen chemistry in constructed wetlands is ndiy@overned by classical
nitrogen pathways but also by the alternative pdthnaerobic ammonium oxidation
plays a vital role in nitrogen transformations witkhe constructed wetland systems.

The important processes responsible for nitrogamstormations and removal are as

follows:

1) Ammonification 4) Anammox

2) Nitrification 5) Nitrogen assiation
3) Denitrification 6) Nitrogédixation

1) Ammonification

This is a complex biochemical process in which orgaitrogen is converted
to inorganic nitrogen, ammonia. Ammonification idsaa the first step in
mineralisation of organic nitrogen (Reddy and R&{ril984). This process occurs
through microbial breakdown of organic tissues aydrolysis of urea and uric acid.
The process proceeds more rapidly in aerobic comdit than in anaerobic
conditions. A typical ammonification reaction isfalows:

NH,CONH, + HHO ——» 2Nk CO,

2) Nitrification

Nitrification is a microbially mediated process whioccurs in two steps. It is
one of the most important mechanisms that redueectincentration of ammonia
nitrogen. The first step is ammonia oxidation mestiaby bacteria of the genus

Nitrosomonas(Wallace and Nicholas, 1969) while the second sseperobic
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nitrite oxidation and is mediated by the bactefidhe genusNitrobacter (Wallace

and Nicholas, 1969). Energy is released in thesgssivhich is utilised by cells for

their growth.
NH, + 1.5 Q —arosomona | N6+ 2 H + H,0  [AG® = -275 kd/mol]
NO, + 0.50, —tobacter |y - AG® = -74 k3/mol]

Both NitrosomonasndNitrobacterare obligate aerobes and chemolithotrophic i.e.
they can utilise inorganic materials as electronaie in oxidation reactions to yield

energy that is required for metabolic processes.

3) Denitrification

Denitrification is a biochemical process in whiabxidized nitrogen
compounds (nitrate or nitrite nitrogen) are reduteditrogen gases ghand NO).
In this process the enzyme nitrate reductase alfawsltative bacteria like genus
Pseudomonato utilize oxygen atoms bound in nitrate and tatrolecules as final
electron acceptors. Denitrifying bacteria can fiorcunder anaerobic conditions. A
carbon source is needed that can be provided bydécaying plant detritus and
carbonaceous biochemical oxygen demand CBOD presenthe incoming
wastewater. The nitrate reduction pathway is devid:

4 (CHO) +4NQ ——> 4 HCO+ 2 NO (g) + 2HO

5(CHO)+4NQ ——> bCO;+4HCQ +2 N, (g) + 2HO

where (CHO) represents the biodegradable organic matter.
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4) Anaerobic Ammonium Oxidation (Anammox)

Anammox is a process which involves the oxidatibaromonium and nitrite
to nitrogen gas. Anammox is mediated by a grouplafhctomycetbacteria.
NH; + 1.32 NQ +1.066 HC@ + 0.13H ——> 1.02 bH+ 0.26 NQ +
0.066CHOg sNo 15+ 2.03H0 [AG® = -357 kJ/mol]
Anammox bacteria utilise the nitrite for ammoniadation (Jetten et al., 2001, Tal

et al., 2006, Kuenen, 2008).

5) Nitrogen Fixation

Nitrogen fixation is the process by which atmospheitrogen gas diffuses
into solution and is reduced to ammonia nitrogehis Treduction takes place by
autotrophic and heterotrophic bacteria, cyanobictand higher plants. Some
important N-fixing organisms in wetland systems include friey bacteria,
cyanobacteria and Nixing bacteria associated with plant roots.

Previous studies by Dierberg and Brezonik (1984j)chaled that nitrogen
fixation was an insignificant component of TN loaglito the treatment wetland
studied. Moreover, Kadlec and Wallace (2009) cahetlithat previous estimates of
nitrogen fixation in treatment wetlands by varia@searchers are insufficient for

quantifying them.

6) Nitrogen Assimilation
In nitrogen assimilation inorganic nitrogen fornre aonverted via a variety
of biological processes into organic compounds skate as building blocks for cells

and tissues. Ammonia and nitrate-nitrogen are wweeforms of inorganic nitrogen
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that are generally assimilated. The various bid@alghssimilation processes occur in:
macrophyte growth, microorganisms and algae.

Compared to natural wetlands, constructed wetlardsnutrient-enriched
because of the high phosphorus and nitrogen loadimmgsent in the wastewater.
Greenway (2005) reported high nutrient content lanp tissues in constructed
wetlands. Nutrients are also assimilated from #dirsent by macrophytes, and from

the water by free-floating macrophytes (Wetzel, 200

2.12.3.7. Nitrogen removal/retention mechanisms

Nitrogen transformations have been described alfdeme of the processes
described only transform nitrogen while othersmu¢tiely remove nitrogen from the
wastewater. For example, nitrification is the pioat transformation mechanism that
reduces the concentration of ammonia nitrogen Imyexing it to oxidized nitrogen.
On the other hand, denitrification is considerednajor removal mechanism for
nitrogen in most types of constructed wetlands. Amia volatilization,
denitrification, plant uptake (with biomass harugg), ammonia adsorption,
anammox and organic nitrogen burial are the meshamithat ultimately remove
nitrogen from wastewaters (Vymazal, 2007).

Biological nutrient removal systems in natural eomments are quite
different and more complex compared to those irvenhonal wastewater treatment
plants. There are more genera possibly involvedatural systems. For example,
ammonia-oxidising bacteria in natural systems ideNitrosospiraandNitrococcus
in addition to Nitrosomonas(Bothe et al, 2000). Austin et al. (2003) reported

Nitrosospiraalong withNitrosomonasandNitrococcusin tidal flow wetlandsThey
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Table 2-1. Key processes and microbes in the ggincCycle (adapted from
Madigan and Martinko, 2006)

Processes Organisms

Nitrification (NH;/— NQ")

NH,—/» NQ~ Nitrosomonas
NO, —» NQ Nitrobacter
Denitrification (NO; —» N) Bacillus, Paracoccus, Pseudomonas
N, Fixation (N,+ 8H — NH+Ny)
Aerobic Azotobacter
Free-living—» Cyanobacteria
Anaerobic Clostridium purple and green bacteria
Symbiotic Rhizobium
Badyrhizobium
Frankia
Anammox (NO, + NHz; — 2N,) Brocadia

Nitrosospira much more prevalent thahlitrosomonasin a treatment wetland.
Heterotrophic bacteria such Raracoccus denitrificans arfdlseudomonas putidare
also capable of nitrification (Bothe et al, 2000gable 2-1 shows the processes

involved in nitrogen cycling and the associatedrobes.

2.12.4. Phosphorus removal in constructed wetlands

2.12.4.1. Phosphorus occurrence in constructed wetlands

Different compounds of phosphorus are among the t mogportant
constituents of wastewater and of concern to eeginand scientists because of their
polluting and toxic effects on the receiving watargl species present. In wetlands

phosphorus exists in two forms, inorganic phospkiocompounds and organic
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phosphorus compound®©rthophosphate(PQi-P) is the general term used for
inorganic phosphate ions. If phosphorus readily lwoes with dissolved organic
materials, then it is termed dissolved organic phosus (DOP). Some of the
organics in DOP are readily hydrolyzed by soil eneg, and together with R®

are termed soluble reactive phosphorus (SRP). Pbosp associated with

suspended particles is known as particulate phospi{®P).

2.12.4.2. Phosphorus removal
The removal of phosphorus occurs through physatemical and biological
processes including sedimentation of incoming paldte P, sorption and

precipitation reactions along with biological uptakMitsch et al.,1995; Kadlec and
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Figure 2-9. Schematic diagram showing the majorsphorus transformations
(adapted from Reddy and DeLaune, 2008)

DIP, dissolved inorganic phosphorus; DOP, dissoleeganic phosphorus; POP particulate
organic phosphorus; PIP particulate inorganic phosgs; IP inorganic phosphorus
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Knight, 1996; Axt and Walbridge, 1999; Reddy et 4699; Bridgham et al., 2001;
Braskerud, 2002). The long term sustainable remo¥ghosphorus in a wetland
system is through accumulation on and burial in ilbéom sediments (Craft and
Richardson, 1993).

Plants grow, die and decay, returning the cyclemsphorus back to the water
column. However, phosphorus is retained in thosmtptomponents that resist
decay. It is this retention that plays an importeosie in the long-term storage of
phosphorus (Kadlec, 1994b). Figure 2-10 shows githmsis cycling in a constructed
wetland system.

Wetlands provide a setting for the interconversabrall phosphorus forms.
Plants take up soluble reactive phosphorus (SR&Ptanvert it to tissue phosphorus.
SRP may also be sorbed to wetland soils and setimHdnthe organic matrix is
oxidized then the organic structural phosphorus nba&y released as soluble
phosphorus. Some of the important phosphorus relnpogaesses in wetland are as

follows:

Sorption. This mechanism of phosphorus removal has a satarahreshold.
Kadlec and Rathbun (1984) have described sorpsantevo-step process.
1) Phosphorus swiftly exchanges between the soil water and soil particles
or mineral surfaces (adsorption).
2) Phosphorus gradually penetrates into solid phadeo(ption).
Sorption occurs until the entire wetland soil isaded to the concentration

corresponding to that of the concentration in watéhe wetland. The time period to
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Figure 2-10. Phosphorus cycling in wetlandseaft’allace and Knight, 2006).

saturate can be long for soils with high sorpti@pacity and vice versa. The
maximum sorbed concentration of soils for holdifdg$phorus has been found to

rely strongly on the amount of iron and aluminiumthe soil (Reddy et al., 1998).

Precipitation. Precipitation is an important mechanism for phospsaemoval.
Aluminium and iron are the major constituents ohemal wetland soils and under
oxidised conditions a coating of hydrated ferriegdes forms on clay or silt particles.
Several forms of phosphate, such as ferric phosptetiminium phosphate and
calcium phosphate, are attached to this coatingcalnareous wetland soils, high
concentrations of calcium result in formation ofngmex calcium phosphate
compounds such as calcium phosphate, dicalcium pblads and beta-calcium
phosphate. Precipitation reactions occur on théases of soil particles and the
amount of phosphorus that will precipitate depemishe amount of exposed surface

(Reddy and DelLaune, 2008).
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Biomass storage and accretion. Plants use phosphorus for growth. Plant
decomposition processes release phosphorus backmtvater column. Hence, the
plant growth cycle seasonally stores and releasesghorus. Plants are composed of
components that decay and components that resigyd€he latter create new stable
residuals, which accrete in the wetland. The biasisrage mechanism has a finite
phosphorus retention capacity whereas accretiom isustainable process. The
phosphorus associated with the new stable residsiaistained in the system and

contributes to the long-term storage of phosphorus.

Microbial phosphorus. Wetland soils contain microbial communities which
decompose the organic material, and play an importae in remobilization and

cycling of nutrients. The life cycle of microorgams is short, and decomposition is
swift. Therefore it is likely that most of the midyial uptake of P is returned as DOP

and PP and hence only a small fraction is perméanbutied.

2.12.4.3. Phosphorus removal/retention mechanisms

Phosphorus removal mechanisms described aboveaplamportant role in
removing phosphorus from the water column. In aodito the described processes
above there are also secondary processes likecydaté settling and movement
among storage components. In addition, the hydiologgime also influences

phosphorus transfer and storage within wetlands.
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2.13. Summary

This chapter has presented the basic componedtaarking of constructed
wetlands that are mechanically simple but ecoldiyi@ngineered systems. Nutrient

removal which is the main focus of this research ibeen described in detail.
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Chapter 3 Integrated constructed wetlands

3.1. Introduction

This chapter presents an overview of integratedtroated wetlands (ICWs).
It introduces the novel concept of integrated coreséd wetlands that are efficient
for removing contaminants including nutrients. Tlager part of this chapter
investigates how this innovative and novel wetlatesign methodology can be
applied for farmyard runoff management.

The structure of this chapter is as follows. Sexi8.2 to 3.8 summarise the
concept, advantages and limitations, hydrology laydtaulics, vegetation, processes
design considerations, groundwater infiltration amaintenance of ICWs. The final
section 3.9 describes the application of ICWs totb runoff from farmyards that

are rich in nutrients.

3.2. ICW concept

The Integrated Constructed Wetland (ICW) Initiatwas developed in
Ireland with an approach that endeavoured to aehieater treatment’, ‘landscape
fitt and ‘biodiversity enhancement’ targets by amovative wetland design
methodology. The conventional practice in Irelawnd managing farmyard dirty
water is land spreading. This method has resuiteddreased levels of nitrogen and
phosphorus in surface and ground waters (Healyl.e2@07). The ICW concept
(Figure 3-1) is founded on the holistic use of ldandcontrol water quality. These
systems are areas of land-water interface that farmintegral part of the

environmental and ecological structure of the laage (Scholz et al., 2007). They
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Figure 3-1. Integrated constructed wetland conadgtamework.

act as buffer lands that control the transfer dachge of farmyard dirty water rich in

nutrients.

Integrated Constructed Wetlands mimic to a largergxthe structures and

processes found in natural wetlands. They are ahiadind densely vegetated free-

water surface flow wetlands with horizontal flowhig concept explicitly combines

the objectives of cleansing and managing water Slovith that of integrating the

wetland infrastructure into the landscape and ecihgnts biological diversity. The

technology envelope for ICW is summarised in Figdi2 ICWs are used to treat a

wide array of wastewaters. Some applications are:

Animal wastewater
Diffuse pollution
Farmyard wastewater
Food industry

Landfill leachate
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Quarry and mining wastewater
Sewage (also septic tank effluent)
Sludge dewatering

Trade effluents

Urban/road runoff



________________________________________________________________

Waste type Wastewater Sludge
| v |
Hydrology Surface flow !
i A 4 Y i
! Vegetation Emergent plants
| v v |
Flow path Horizontal flow | | Vertical flow |

Figure 3-2. Integrated constructed wetland techooknvelope.

3.3. Advantages and disadvantages

3.3.1. Advantages

Integrated constructed wetlands have several adlgast They are an
effective multi-cellular system for treatment ofrieaus kinds of wastewaters. The
robust and segmented system design increasesniifeme@kes management easy.
They are constructed using local materials withimim ‘external costs’ and are
sustainable over a long lifetime (>50 years). Thiegve low maintenance
requirements, low energy demands and fit to theldeape and enhance scenery.
They reduce odours produced, due to factors sushakw surface flow and dense
plant cover. The captured nutrients can be recyfdledand management and the

treated water can be reused.
3.3.2. Disadvantages

Integrated constructed wetlands also have someldiséages. They require

dedicated and relatively large land areas (typicail% of farm area), competent
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skills for design, site analysis and charactertsgtiand construction, planning
permission and discharge licences. Their performasamot consistent through out
the year. The construction and establishment ofetedign may be weather
dependent. If deep areas of water are includedletis a potential water hazard. If
inadequately designed, constructed, or managey,ntay pose a threat to surface

and ground waters.

3.4. Hydrology and hydraulics

The wastewater flows entering ICW systems are diaegly variable and
the variations are stochastic. In places with hrginfall events as in Ireland,
fluctuations in flow are an important factor thattdtes the overall size of the
wetland. The cleansing effectiveness of surface fleetland systems is typically
based on having appropriate hydraulic residencedirin shallow, emergent, and/or
vegetated wetlands, such as ICW, this depends emdasufficient functional
wetland area with an appropriate length to widttorand an emergent vegetation
density. Surface hydraulic effectiveness of the 1@@pends on 1) segmentation of
the wetland into a number of wetland cells of appaie configuration, 2) avoidance
of preferential flow (i.e., a direct and linearvigpath between inlet and outlet), 3)
vegetation stand density, and 4) managing the wdegth to ensure optimal
functioning.

Infiltration of wetland waters from wetland bed dmhk surfaces, along with
evapotranspiration, creates increased storage itafaeeboard), thereby increasing
hydraulic residence times. Such water loss buftbes impact of precipitation-

generated fluxes through the ICW system. The flgpes which occur in ICWs
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include plug, batch, mixed, sheet and laminar. Thenbined effect of flows,
openness of these systems to precipitation an@biarifluxes makes it difficult to
determine accurate hydraulic residence times. Aeggnhydraulic discharge
equation from an ICW can be determined (Harringtod Mclnnes, 2009):
Q=(A+B)-(C+D) (3-1)

where Q = discharge @annum); A = intercepted yard area’jr annual rainfall
(m) + livestock wastewater volume YmB = ICW area (f) x annual rainfall (m); C
= ICW area () x annual evaporation (m); D = ICW area’m annual infiltration

rate (m).

3.5. Vegetation

The primary vegetation types used in ICW systenes emergent plant
species (helophytes). They have special tissuddhilitate oxygen storage and its
transportation from the leaves through the stemth® roots. Water and soil
characteristics influence the variety and perforceammf plant species in each
segment of an ICW. Plants may have year-round tirawbe seasonally deciduous.
While more than a hundred native species can la, usgeneral about 9 species are
most commonly used. Their genera a@arex, Typha, Sparganium, Glyceria,
Juncus, Eleocharis, Iris, Veronica, Ranunculus

ICWs that are shallow water wetlands (typically €20m) with emergent-
vegetation such as the dominant plant gefigaha, Glyceriaand Carex assist in
water capture. Additionally, the plants provide ddhand lower turbulence which
decreases potential evapotranspiration. Theseadeaistics facilitate the retention

of water within ICW systems (van der Valk, 2006)g#re 3-3 shows the
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Figure 3-3. Establishment ofa@x ripariain an integrated constructed wetland cell
(photo from Dr Rory Harrington).

establishment of plants in an ICW cell.

Phragmites australiss the most common species used in reed-beds. This
species is not generally recommended for ICW systamit is invasive and may
eventually dominate the whole system thus decrgdsimdiversity (Lee and Scholz,
2007). Moreover, their deep roots tend to open athways through the soil. Initial
plant establishment exerts the dominant influentehe vegetation structure of an

ICW.

3.6. Processes within ICWs

Within an ICW, the contaminated effluent is treatbdough various physical,
chemical and biological processes involving aquplamts, algae, microorganisms,
water, soil and sun. The main processes are as\visil|

* Physical filtration of suspended solids by wetlaredjetative biomass acting

as a hydrological baffle to incoming flows (optimds by high vegetation
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density and low flow velocity).

» Settling of suspended particulate matter by gragatimised by low flow
velocity, low wind speed, low disturbance and loegidence time).

» Uptake, transformation and breakdown of nutrierigdrocarbons and
pesticides by biomass, plants and microbes (ineck&dy a relatively high
temperature, long residence time, contact with eremganisms and plants,
high micro-organism and plant density, and a neddyi high organic matter
content).

* Accumulation and decomposition of organic mattenjcl is important for
nutrient cycling (optimised by low velocity and dadility of adsorption
sites on suitable aggregates).

* Microbial mediated processes such as nitrificatigaerobic) and
denitrification (anaerobic), which are important foe cycling of nitrogen.

* Chemical precipitation and sorption of nutrientglsas phosphorus by soil
(influenced by the availability of sorption sitgg] and redox potential).

* Predation and natural die-off of pathogens; ezgcherichia coli and
Cryptosporidium (optimised by high diversity and ndigy of natural

predators (e.g. protozoa), and increased exposuwigraviolet light).

3.6. Design considerations

ICW systems are designed not only to improve theemguality but also to
integrate the structure naturally into the landscapd enhance biodiversity (Figure
3-4). The ICW design philosophy is in agreemenhwite guidelines proposed by

Carty et al. (2008b). Information on topographydiogeology, surface water,
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groundwater and subsoil are obtained for assesisenguitability of sites for an ICW
prior to the design and construction phase.

A detailed site-specific assessment combining isiestigation and desk
study is conducted to determine the site charatiesi and assess any potential
impacts on groundwater and surface waters. Theastessement is based on
characteristics such as topography, geology, smld subsoils, hydrogeology,
hydrology, flora and fauna, archaeological and iéeckural features, and natural
interest. A topographical survey of the farmyardl ahe proposed ICW site is
conducted which includes contours (0.5 m contodeggtion and use of buildings,
boundaries, and hydrological features. The neatlifase water features such as
rivers, streams and drains are also noted duriegsthivey. The suitability of the
nearby stream as a potential discharge point is atsessed. During the site

assessment, information on wells, springs, wateletalevation, aquifers, nearby

Figure 3-4. An example of an ICW in Carlow, Irelgpthoto from Dr Rory
Harrington).
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surface and groundwater supplies and connectiviity surface water features is also
gathered. The soil and geological conditions ase atudied.

In ICW design, sizing is an important element. BEng formula for the
ICW treatment area has been developed from the tweedidress robustness and
sustainability with special regard to phosphorube Tsize is based mainly on
farmyard intercepted precipitation events that niey > 50 times the average
washwater volume. The functioning area of an ICW dédfective treatment of
farmyard runoff requires an area twice the assedifdrmyard interception area with
a further land area allowance of about 25 percEnis additional allowance is for
auxiliary embankment areas. The ICW area is tyjgida2% of any individual farm

area (Dr Rory Harrington, pers. comm.).

3.7. Groundwater infiltration

ICW are not lined with artificial liners, but arertstructed using in situ soils.
Site subsoils are used and reworked to line théametbed and bank surfaces, and
topsoil is redistributed for plant establishmerttisThelps to impede infiltration from
the bottoms and sides of cells. ICW are underlgimatleast 1.5 m of subsoil, with
the upper 0.5 m enhanced where necessary to autigdcanductivity of 1 m/s
(Dunne et al. 2005a, b). Inflows of farmyard diktsater contain high nutrient,
biochemical oxygen demand and suspended solidseatrations. As this water
passes through the ICW system, suspended organeriahds typically deposited
onto wetland soil surfaces, which also helps toadginfiltration from wetland cells

(Kadlec and Knight 1996, Scholz 2006). Rowsell let(#85) and Bouwer et al.
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(2001) have shown that the permeability of lagooeeiving animal waste may

decrease over time due to sealing by organic matigisediment accumulation.

3.8. Maintenance

The success of an ICW depends on the maintenarte@eration of the
system. While an ICW is designed to be as self-taaimg as possible, it is crucial
that a maintenance program is adopted to ensutéhaed effective water treatment
and ‘rejuvenation’ of the system.

Pipe maintenance. All inlet and outlet pipes within the ICW systemeavisually

inspected weekly for blockages, sediment accunmiand debris. Blockages affect
the hydraulics of the system, while sediment acdatimn may indicate inadequate
solids separation further up in the system. Anyckémges and sediment or debris

accumulations around the inlet or outlet pipes khba cleared (Scholz, 2007).

Flow control. During prolonged dry periods, water depths withive tponds

decrease, especially in down-gradient regions @fwhtland. It is essential to ensure
that soils are flooded (to at least 50 mm). Intesgtaonstructed wetlands are usually
not allowed to dry out as cracks may form in theehavhich may cause higher
infiltration rates in the short term when efflueatenters the cell. Any adjustment of
pipes must be carried out gradually as these movesmmeay cause huge surges of

effluent to subsequent wetland cells or receivimgexe or groundwaters.

Vegetation maintenance. Water levels are maintained at less than 300 mm to
ensure good plant growth. However, most macrophtgksate short periods of

increased water depth (up to 500 mm), such as iassdavith high rainfall, as well
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as low water depths or even no water during drytlwe¥a Major changes in
vegetation cover and composition are noted as ailgesindicator of change (i.e.

degradation or improvement) in wetland performance.

Removal of sediment . The removal of accumulated sediment is usuallyficed

to the first cell (Scholz et al., 2007). For a haladed system, the inclusion of an
open water pond at the initial stage of the ICWaasediment trap may extend the
operational life of subsequent cells before theaweathof material is required. Any

pond located within the initial wetland cell wouleljuire relatively frequent material

removal. The most appropriate way of managing theeral removed is likely to be

land spreading on the farm in accordance with gfasth management practice.
Information on the solid content and nutrient cosipon, particularly phosphorus,

are required to ensure that the usage complies faitm nutrient management

requirements (Bowmer and Laut, 1992; Carty e28i08a,b).

Inspection of pond embankments.  The wetland operator undertakes regular
visual inspection of the internal and external facé the wetland embankments to
check for any water leakage, slippage or distortidre internal embankment face is
checked by walking along the embankment crestseaternal embankment faces by
walking along the external boundary of each celyAlefects such as leakages,

slippages or distorted areas should be addresseddrately.

Access and security checking and maintenance. Access around the wetland
is maintained by managing vegetation growth ondhankments. Under normal

operating conditions, growth on some pond crestslsi¢o be cut biannually using a
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mower or topper. Security and safety consideratfondoth humans and livestock

are incorporated into the design of the ICW.

Monitoring of the final effluent and receiving wate rcourses. The
monitoring of the ICW and the final effluent allowike operator to assess the
performance of the wetland system and to detect raalfunction. The general
appearance of the final effluent is noted, payiagipular attention to water colour,
smell and any evidence of plant material in thelksge. If the final discharge water
appears to be heavily discoloured, polluted or @iostplant material, then the outlet
pipe is isolated immediately by closing the gatweaHowever, water that is visibly
clear may also have a high nutrient load, whichaalg be determined by laboratory
analysis.

The condition and appearance of the receiving watdr the point of
discharge is checked on a monthly basis and foligveixtreme events such as high
rainfall. The operator assesses the condition ppearance of water, both upstream
and downstream of the discharge location. Heavilscaloured water or the
appearance of sludge type material may indicateugstream pollution source.
Foaming immediately downstream of the dischargatpamiay indicate pollution in
the final effluent. The outlet pipe from the ICWosild be isolated immediately by
closing the gate valve in the event of any suspept#lution incident and advice
from a suitable agricultural advisor and the retrlghould be sought (Carty et al.,

2008D).
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3.9. Integrated constructed wetlands for farmyard
runoff treatment

3.9.1. Farmyard runoff treatment

During the past few years there has been considenaterest in the use of
constructed wetlands for treating surface wateroffufrom farmyards because
agricultural pollutants cause problems in downstresvater bodies, due to
eutrophication (Braskerud, 2001; Poe et al., 2003).

Farmyard runoff emanates from a wide array of fagnactivities. It is
composed of runoff from silos, yards and other uigehard-standing and dairy cow
access tracks. It may contain slurry (occasiona@yy milk and washings from
pesticide sprayers and dipping equipment. If thetaminated runoff is not treated,
this runoff along with other non-point sources oflption can seriously contaminate
the associated surface water and groundwater.

The conventional practice for management of farchyhrty water in Ireland
is land spreading of (Tunney et al., 1997). Storage spreading are governed by
rules to prevent water pollution. However, thisqbi@e requires considerable labour
and machinery resources, as well as storage inidste. Improper storage and
spreading has been linked to wapailution, particularly to increased levels of
nitrogen and phosphorus in surface and ground wdtdealy et al., 2007). In
contrast, the ICW concept is founded on the halisse of land to protect and
improve water quality. Figure 3-5 shows a farm andassociated ICW in Waterford,

Ireland.
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Figure 3-5. Integrated constructed wetland treafeagnyard runoff in the Anne

valley near Waterford, Ireland (photo from Dr Rétgrrington).

3.9.2. Nutrients in farmyard runoff

Nitrogen and phosphorus within farmyard runoff associated with the
animal wastes which forms the major soluble paabl& 3-1 shows the high levels of
nutrients associated with various categories ainfanimals. Morse et al. (1992)
conducted a nutrition study and found that cowsreiec88.2% of phosphorus
consumed daily of which 68.6% is in faeces, 1.0%rine and 30.3% in milk.

When nutrient-rich wastewater enters and travetsugh the shallow
vegetated cells of a constructed wetland, varidugsipal, chemical and biological
processes gradually remove nutrients from the waesr. The vegetation provides
surface area for biofilm growth and assists in dgeling of nutrients. The shallow
water depth in conjunction with emergent vegetatwavides stable aerobic and
anaerobic zones supporting nitrification and dérmation, respectively; processes

that play an important role in nitrogen removalhoBphorus is removed through
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Table 3-1. Comparison of approximate waste quastitiom animals and human.
(adapted from data in CH2M Hill, Payne Engineeii®§;7)

Type Classification Nitrogen Phosphorus BOD
(9/d.100 kg) (g/d.100 kg) (9/d.100 kg)
Dairy cattle Lactating cow 44 7 161
Dry cow 35 5 119
Heifer 31 4 130
Beef cattle Forage feeder 31 11 137
Energy diet feeder 29 9 137
Yearling 31 10 130
Cow 33 12 119
Human 70 kg 19 2.3 26

sorption onto exchange sites in the sediment. Nlesiess, sustainable removal of
phosphorus is through accumulation and burial dinsents. The dead plant material
undergoes decomposition but some portions resisaydand form stable new

accretions that store phosphorus.

3.9.3. Application of integrated constructed wetlands

Farmyard runoff, which is rich in nutrients and amgc matter, is a source of
diffuse pollution, and potentially a serious rigk teceiving watercourses by
contributing to eutrophication (Cleneghan, 2003heTloss of nutrients and
contaminants from agricultural land, farmyards,rylgiarlours, tracks and roofs to
rivers, lakes and groundwater, can have a detrimhé@mipact on water quality. Both
point and diffuse sources of pollution from agrtavé contribute to the degradation

of water quality and aquatic ecosystems (e.g. Kik and loss of habitats) through
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eutrophication, contamination of groundwater, St and direct toxicity to
organisms which consequently affect biodiversiighdries, recreation and public
health. Polluted farm runoff also affects farmeexposing them to fines and
prosecutions, and the wider community by the sulseigdegradation and loss of
water supply within affected watersheds (Harringtod Ryder, 2002; Mantovi et
al., 2003; Scholz et al., 2007). A variety of metboincluding ponds, lagoons,
storage structures, filters and sediment basirg canstructed wetlands, are used to
manage water quality from agricultural activities.

In Ireland, 25% of the land area is used for déarming and it is estimated
that the agricultural sector is the source of apijpnately 32% of pollution in rivers
and streams (Jennings et al., 2003). All typesaoiing operations generate high
levels of nutrients and there is a need to intdraapd reduce these contaminant loads
prior to discharge to a water body. One of theiestrivetland systems to treat runoff
from animal yards was built in 1930 in Dallas Cgunbwa, USA. A two year study
of two-cell FWS system, which served a 26-ha feedbmprising of 7000 cattle,
indicated good removal efficiencies of 87% for B(60% for SS and 58% for
TKN.

Pond systems have been used to manage water fronydeds, with a
significant portion of nutrients returned to pastland via periodic desludging. The
application of constructed wetlands to manage wiaben farm activities has been a
topic of considerable research over the past defde@man et al, 2000; Hunt and
Poach, 2001; Shamir et al, 2001; Ibekwe et al, 2608es et al, 2004; Dunne et al,
2005, Healy et al., 2007; Edwards et al., 2008pn+2000 to date, more than 15

FWS wetlands (integrated constructed wetlands) H@en commissioned in the
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Table 3-2. Characteristics of 12 ICWSs in Anne Valleeland treating farmyard
runoff and concentration reduction efficiency fetexted nutrients (Scholz et al.,

2007).
ICW  Farmyard ICW area ICW to Number NH4-N MRP
area (M) (m?) farmyard  ofcows  reduction  reduction

area ratio % %
1 4500 3906 0.9 60 99 99
2 14750 22966 1.6 60 99 98
3 5400 10288 1.9 50 98 81
4 9200 10237 1.1 100 98 93
5 4000 3940 1.0 35 99 98
6 9800 12691 1.3 80 99 99
8 2300 3940 2.0 n/a 99 97
9 4800 7964 1.7 55 98 96
10 2100 4375 2.1 50 99 99
11 5000 7676 1.5 77 99 92
12 13600 10748 0.8 85 99 99
13 5000 5610 1.1 n/a 99 93

NH,;-N, ammonium-nitrogen; MRP, molybdate reactive gitnasus.
Anne Valley of County Waterford located in the $eeast of Ireland.
A summary of the concentration reduction efficieraf 12 ICW sites is
presented in Table 3-2. These systems have provigeod water quality
improvements most likely because of their largesiand hence increased retention

time.

3.10. Summary

This chapter has presented the intriguing and nowelrated constructed
wetland concept. Infiltration of wetland water intike ground which is a major
concern for practitioners has also been discuddeckover, the maintenance aspects
and application of these systems for treatmentudfient enriched farmyard runoff

have also been described.
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Chapter 4 Materials and Methods

4.1. Introduction

This chapter explains the study sites and varioethads used in the research.
It contains information on the methodology adoptedneet the study objectives.
The first section describes the study sites wiigedubsequent sections describe the
details of methodology. The second section deseribe water quality monitoring
scheme and the sediment and macrophyte samplingadgisis. The third section
describes the sampling and analysis protocol fernmiolecular work to characterise
nitrogen removing bacteria in sediment and litemponents of the selected study
sites. Finally the last section describes the Seffanising Map (SOM) model and its

application for the prediction of water quality pareters.

4.2. Experimental set-up

4.2.1. Study sites

Thirteen ICW systems were constructed to treatcafjural wastewater and
improve the water quality of Annestown stream ledain Waterford in southeast
Ireland. The ICW treatment systems are located tangperate zone with a mean
annual temperature and precipitation of 11.4°C 20894 mm respectively (Met
Eireann, 2007). Mean seasonal temperatures faretfien in 2008 were as follows:
winter, 7.8°C; spring, 10.3°C; summer, 14.9°C; anthmn, 12.2°C. The study was
carried out at three representative sites, ICW an8 11 (Figure 4-1). The site

suitability was assessed by identifying differendlicator variables such as good
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Figure 4-1. Study sites in Annestown catchment.

agricultural practice, site access and historicaladavailability. Based on this
assessment, ICW 3, 9 and 11 were selected astprsites. All three systems were
constructed in 2000 and commissioned in 2001 tat fikrmyard runoff comprising
of yard and dairy washings, and rainfall on operdyand farmyard roofed areas
along with occasional silage and manure effluents.

Prior to construction of these wetland systemggtieas no treatment and the
runoff was spread onto the adjoining fields. Thetlared systems have a multi-
cellular configuration with a minimum number of fatells. The systems operate as

a set of sequential containment structures thatdept and control the contaminant
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gradient. The wastewater contained farmyard andf mmoff occasionally
contaminated by manure, and was conveyed to the $¢3ém by gravity through
pipes. The key features of wetlands were horizostaface flow and intermittent
hydraulic loading.

The ICW systems were based on four cells (ICW 9 Ahdand five cells
(ICW 3) operated in series. A single influent enigint was located at the first cell.
Each cell had one inflow and one outflow structurbe water flow between each
cell was by gravity through a PVC pipe. The celisgeding the last cell had depths
of approximately 1 m, while the last cell was apgmately 1.5 m deep.

The ICW cells were not lined with an artificial &n However, the subsoil
was reworked and used as a natural liner. The wadle only partly planted with
vegetation naturally available on the site. Furthiant growth occurred by natural
colonisation. The established emergent vegetatiothe three sites compriségpha

latifolia, Carex riparig Glyceria maximaPhalaris arundinaceaCarex ripariaandJuncus

effusus.
Integrated constructed wetland 3

The first system ICW 3 is located in the southeant pf the catchment at a
grid reference of E250526, N103743. The wetlarglesy has a total area of 1.02 ha
and the primary vegetation types are emergent paeties (helophytes). The
associated dairy farm had an area of 0.54 ha arsl op&rated for 50 cows.
According to the soil classification by Irish Fare&ervices (IFS), ICW 3 site has
soils derived from mainly acidic parent materidlse subsoil of ICW 3 has a texture

of alluvium undifferentiated soils. Figure 4-2 peass an aerial view of ICW 3.
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Figure 4-2. Aerial view of integrated constructeethand 3, with Annestown stream

flowing parallel, Waterford, Ireland (April, 2008).

Integrated constructed wetland 9

The second system ICW 9 (Figure 4-3) is in the marestern part of the
catchment at a grid reference of E250405, N100&63as a total area of 0.79 ha
while the associated farm has an area of 0.48 Wawas operated for 55 cows.
According to the solil classification by Irish Far&ervices (IFS), the ICW 9 site has
soils derived from mainly mineral alluvium compasit The subsoils of ICW 9 are

classified as a combination of undifferentiatbdvaum and acid volcanic till.
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Figure 4-3. Last pond of integrated constructedamet9 (December, 2008).
Integrated constructed wetland 11

The third system ICW 11 (Figure 4-4) is locatedhe north-eastern part of
the catchment at a grid reference of E253088, NA64B has a total area of 0.76 ha
while the associated farm has an area of 0.5 hanasdoperated for 77 cows. The
details of established vegetation for this sitesanmmarized in Table 4-1. According
to the soil classification by Irish Forest ServidésS), the ICW 11 site has soils
derived from a mainly mineral alluvium. The subsbds a texture of alluvium
undifferentiated soils.

Table 4-1. Cell and vegetation cover details mbegrated constructed wetland 11.

Cell Area  Vegetation Vegetation Vegetation cover by species

number  (m?) cover (%) type no.

Cell 1 1208 100 2 Typha latifolia(80%) andCarex riparia (20%)

Cell 2 1906 100 3 Glyceria maximg50%),Carex riparia(35%)
andTypha latifolia(15%)

Cell 3 2126 100 5 Glyceria maximg40%),Phalarius

arundinacea25%),Carex riparia(20%),
Juncus effusugl0%) andTypha Latifolia(5%)

Cell 4 2435 1 1 Open water (99%uncus effusu@.8%) and
others (0.2%)
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Figure 4-4. Main inlet of integrated constructedtlared 11 (cell 1), Waterford,

Ireland (February, 2007).

4.3. Water quality monitoring

4.3.1. Wetland water quality

In order to evaluate the water treatment potetnal contaminant reduction
in ICW, the systems were regularly monitored forimas physical, chemical and
microbiological parameters. Grab samples at eadtameécell inlet and outlet were

taken on an approximately fortnightly basis by Whatel County Council personnel.

4.3.2. Groundwater quality

To assess the impact of ICWs on groundwater, theemwgquality in
groundwater-monitoring wells was regularly monitdré=or ICW 3, three
piezometric groundwater-monitoring wells were ptho@-gradient of (one well, 5 m

depth) and within (two wells, 5m and 3m depths) kG&V site in autumn 2004.
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These wells were sampled on a quarterly basis 266% to 2008. The day before
sample extraction, all wells were purged and subseiganalysis was carried out
according to APHA (1998).

For ICW 11, four piezometric groundwater-monitoringlls were placed up-
gradient of (one well, 5 m depth), within (two v&IB m and 5 m depths) and down-
gradient (one well, 5 m depth) of the ICW site (g 4-5) in autumn 2004. These
wells were also sampled on a quarterly basis fr@®42to 2008. The day before
sample extraction, all wells were purged prior amnpling and subsequent analysis

was carried out according to APHA (1998).

4.3.3. Stream water quality

The water quality of the receiving stream for ICWhich is a tributary of
the Annestown Stream, was monitored (Figure 4-lIabGwater samples were
collected from twenty one points along the streataied adjacent to the ICW.
Three points were sampled up-stream, up to sixpeeallel to cell 4 and two points
down-stream to assess the effect of the ICW sysianthe associated receiving
watercourse (Figure 4-5). In 2007, grab sample®uaken predominantly during an
intense period for monitoring the water qualitytbé receiving watercourse. The
sampling scheme was designed to monitor the wataitity during periods of
relatively low and normal flows. Weekly samples &eollected in late spring and
during the following summer. Later on, monthly sadespwere collected during
autumn and winter. Nutrient analysis was conduetethe County Council water

laboratory using standard methods (APHA, 1998).
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Figure 4-5. Surface water and groundwater monigprsediment collection, inlet and
outlet points for the selected integrated conseietetland (ICW 11).

4.4. Wetland water quantity
For ICW 11, continuous flow measurements were uallen between April

2003 and June 2004. From June 2004, spot measuiemere made of flows into
and out of each ICW cell. Furthermore, flows emgrand leaving ICW cells were
monitored and recorded using standard Greyline floeters and associated data
loggers. The standard Greyline Area-Velocity Flowet®t uses a submerged
ultrasonic sensor to continuously measure both kwve velocity to calculate flow in
the influent/effluent pipe. Data are stored in da¢a logger. The stored flow logs are

transferred to laptop and saved in the database.
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4.5. Sediment and plant sampling for nutrient
analyses

Sediment and plant samples were collected (Figt8efdom the first cell of
ICW 11, as the major contaminant removal takeseplacdhe first cell of the ICW.
Over the years plant biomass has been accumulatithg ICW and is important for
nutrient cycling. A total of 18 samples of sedimand plants from the first ICW cell
were collected and analysed for nutrients. The eband -below biomass dfypha
latifolia in the wetland cell were sampled and analysed@idrients in summer and
winter 2008 Three locations, one near the inflow, one at theédtei of cell and one
near the outflow were selected in the ICW cell (frgg4-7) and three quadrats were
positioned (0.25 fplots) at each location. Hence, plants were hagdest 9
quadrats of the ICW cell during the collection pdrfor a total of 18 quadrats
(9 quadrats x 2 seasons). For above ground biomesisiation, the plots were
harvested and biomass was separated from the upper (top-leaves and stem)
while for the below ground biomass evaluation, disveeparated from the lower zone

(bottom-roots and rhizomes). The samples were doaed washed in the

Figure 4-6. Sediment and macrophyte sampling aht@grated constructed wetland
site.
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laboratory and later on dried in an oven at@B@or a minimum of 48 hours. After

drying the samples were weighed and the plant maateas ground to less than 1
mm (Planetary Ball Mill PM 100, Retsch, Germanyy fatrient analysis, using

standard methods. Plant cover was assessed by ningaikie area occupied by each
species in the wetland.

Sediment samples (from the same locations as miag®sampling points)
were also collected to assess the sediment demthgaality. The sampling was
conducted along transects across each wetlandtieede points along the primary
axis from the main inlet to outlet of each pondd atso perpendicular to this. The
water depth was measured and sediment cores wéexted in a plastic liner
(diameter 48 mm) within a stainless steel agusgidiment sampler (Wildco hand
corer, length 0.51 m), equipped with a Lexan nasspand a rubber flutter valve to
provide suction. The corer was attached to a sbeension rod and driven into the

sediment by hand for sample collection. The samggioints were marked with

ﬁ Oullet

@ 125m @ 125 m@
6.5m
o

6.5m
o

Inlet
o o

Figure 4-7. Plan view of the integrated constrdatetland cell showing sediment

and plant sampling locations.
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permanent markers and ropes, to facilitate andrertbat the sediment samples were

collected from the same locations for the two sessdo enable comparison of

results between seasons. Samples were dividediwetsubsections; sediment top,

sediment middle, sediment bottom, clay top and daitom. The samples were

transferred to sample bags and retained for laborainalysis.

A Litter
(22 cm)
A A

A A

Sediment
(top)

Sediment
(middle)

y
A

Sediment
(bottom)

Clay
(top)

Clay
bottom) y

Sediment

Figure 4-8. Sediment core samples collected frolirLlagf ICW 11 (not to scale).
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4.6. Sediment and litter sampling for characterising
bacteria

The analysis was carried out at two universitiesktiping University,
Sweden, and Newcastle University, United Kingdom.
| —Sampling for analysis at Linkdping University, S weden

To better understand nutrient removal processedlifferent parts and
components of selected ICW examples, sedimentitaddamples were collected in
April and May 2007 from three different wetland€\V 3, 9 and 11), frozen and sent
to Link6ping University, Sweden, for subsequenta@galar microbiological analysis.
Samples from ICW 3 and 9 were taken on 24 April22@@hile samples for ICW 11
were taken on 8 May 2007. Mostly triplicate fieleldsment and litter samples were
collected 1 m to the left, 1 m in front and 1 mthe right of each sampling point
located near the inlet of each ICW cell and thdebatf each ICW system. Sediment
samples were collected with a sediment sampler (@Y Green plant material was
removed from litter samples before collection. Skmpvere stored at —20 °C before
analysis.
Il — Sampling for analysis at Newcastle University, United Kingdom

In April 2008, litter and sediment samples werelemied from two ICW
systems, ICW 3 and 11. Duplicate field litter amdliimment samples were collected
from each wetland cell. For each sampling locatibrburied litter in an area of 0.2
m® was collected, while sediment samples were celteftom the same area with a
sediment sampler (@ 4cm) below the sediment-waterface with the upper 3 cm

being used for analysis.
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The samples were collected near the influent poineach cell with an
additional sample at the outlet of the last cdfor ICW 3, a total of twenty four
(twelve each of litter and sediment) samples weilected from six sampling points
while for ICW 11 a total of twenty (ten each of sednt and litter samples) were
collected from five sampling points. All samples revéfrozen immediately after
collection and transported to University of Newtasbr molecular microbiological

analysis.

4.7. Analysis

4.7.1. Water quality parameters

Liquid samples were analysed for variables inclgdine five-days at 20°C
N-allythiourea biochemical oxygen demand (Bf§pDchemical oxygen demand
(COD), suspended solids (SS), ammonia-nitrogens{N} nitrate-nitrogen (N©@
N), molybdate reactive phosphate (MRP; equivalergdluble reactive phosphorus),
total phosphorus (TP), total coliforms (TC) akRdcherichia coli(E. coli) at the
Waterford County Council water laboratory using Aimma&n Public Health
Association standard methods (APHA, 1998) unlestedtotherwise. The Waterford
County Council Water Laboratory is accredited bg tBnvironmental Protection
Agency (EPA).

MRP and TP were analysed in Waterford Council labmy. MRP was
measured by automated colorimetry (Method 4500rt) BP was measured using
the ascorbic acid method following digestion usiitgc acid and hydrogen peroxide
(Method 4500-P E). NIHN (Method 4500 H), nitrate nitrogen (N®I) (Method

4500-NQ.H) and total nitrogen (TN) (Method 5210 B) were lgsad in Waterford
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Council laboratory, using automated colorimetry.

Suspended solids were assessed by filtering a knmleme of wastewater
through a glass fibre filter (Method 2540 D). Tlieef is initially weighed and then
wastewater is passed through this filter paper. vibefilter is dried in the oven at
105°C and weighed. The difference in weight betweendtiydfilter paper before and
after filtration, divided by the volume of wateltéred gives the SS concentration.

Biochemical oxygen demand (B@Dwas analysed using a manometric
measurement device, supplied by Lennox, Irelandtlipte 5210 B. In this
respirometric method oxygen consumed by the migamsms from an air or
oxygen enriched environment in a closed vessel mmdeditions of constant
temperature and agitation is measured. During rmésah, bacteria produce carbon
dioxide that is chemically bound by the potassiwdrbxide solution contained in
the seal cup in the bottle. This results in a presdrop in the system, that is directly
proportional to the BOD value and is measured leyLibvibond® BOD sensor. The
BOD concentration is then displayed directly in Ing/

Chemical oxygen demand was analysed using theigwbic reflux method
(Method 5220 . The colorimetric closed reflux method is a mom®reomical
option than the open reflux method as the quanfityeagents required, the amount
of hazardous waste generated and the labour retjare all lower. The test
measures the oxygen equivalent of the amount o&drdogmatter oxidized by
potassium dichromate in a sulphuric acid solutamples are analysed using Hach
dichromate COD vials. The wastewater samples adeddo the vials and then
placed in the preheated reactor block (150°C)viar hours. After the oxidation step

is completed, the COD results are determined auletrically.
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pH was measured by a pH meter , electrical condtictand dissolved
oxygen are measured by a multimeter, while temperatvas measured using a
digital thermometer (unless stated otherwise). @Qotidity data were obtained from
a PTI-18 digital conductivity meter, and referenegginst a standard solution of 1
mol dni® KCL (Method 2510B). Total coliforms arfl coli were analysed using the

membrane filter method (Method 9222 B).

4.7.2. Nutrients in sediment and macrophytes

For determination of total nitrogen and phosphotie,samples were milled
and oven dried. Kjeldahl digests were preparedgusive procedure devised by
Taylor (2000). For laboratory quality control, ahalyses were performed with
certified reference materials. Total nitrogen artgphorus concentrations were
subsequently determined by automated colorimetitq/analyser, Bran + Luebbe,
Model AA3).

Carbon was determined in the soil and litter sasplsing a Carlo Erba
NA2500 Elemental Analyser. The method is based be tomplete and
instantaneous oxidation of the sample by flash amtibn which converts all
organic and inorganic substances into combustiodymts. The resulting gases pass
through a reduction furnace and are swept intocttrematographic column by the
carrier helium gas. The gases are separated rotbhen and detected by the thermal
conductivity detector which gives an output sigpadportional to the concentration

of the individual components of the mixture.
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4.7.3. Characterisation of bacteria in sediment and litter

A summary of molecular approaches adopted to aadbgeteria removing
nitrogen in ICWs is shown in Figure 4-9. DNA extian and PCR was run for
sediment and litter samples labkoping University, SwedenSamples for this part of
the study were collected from the three represeetdCW systems in 2007. In 2008,
DNA was extracted from sediment and litter sampieiected from two ICW
systems; PCR was run, DGGE was performed and yis&tuencing was done to
characterise nitrogen removing bacteria at Neweadtiiversity.

4.7.3.1. Deoxyribonucleic acid extraction and purification from
litter and sediment

| — Linkdping University, Sweden

DNA was extracted from sediment and litter usingaatDNA® Spin Kit for
Soil (Bio 101 Inc., La Jolla, CA, USA). Samples2B.g) were suspended in a
sodium phosphate buffer supplied with the FastDN&@n Kit as stipulated by the
manufacturer, and homogenised for 180 s with a {mehdl blender (DIAX 900
Homogeniser Tool G6, Heidolph, Kelheim, Germany).
Il -Newcastle University, United Kingdom

DNA was extracted from duplicate sediment and rlitamples using a
FastDNA® SPIN kit for Soil (MP Biomedical Inc., USAaccording to the
manufacturer’s protocol with slight modificationghe extracted DNA was stored at

-20°C.
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4.7.3.2. Polymerase chain reaction (PCR) amplification

| — Linkdping University, Sweden

The ammonia-oxidising bacterial community was iiggded using group-
specific polymerase chain reaction (PCR) primerslenthe denitrifying bacterial
community was assessed using the functional geneusioxide reductase (nosZz),
which is the gene for the terminal enzyme in ddmation (Hallin et al., 1999;
Sundberg et al., 2007a).

The extracted DNA from all samples was diluted a@-to avoid inhibition
of the PCR by humic substances. This dilution rat@s determined by testing
different dilution ratios. Polymerase chain reactiamplification was undertaken
using forward and reverse primers for ammonia-@xidy bacteria. The PCR was
performed in a 5Qu mixture (Sundberg et al.,, 2007a) on a PTC-100Tktrtial
cycler (MJ Research Inc., San Francisco, CA, USA).

For nitrous oxide reductase, the forward and revemsmers targeting the
nosZ gene were used in the subsequent PCR. ThewGSRerformed on a PTC-
100TM thermal cycler in a 501 mixture including 1.33 U of Taq polymerase and 5
ul of the supplied buffer (including 1.5 mM Mg{IRoche Diagnostic GmbH,
Manheim, Germany), each nucleotide at a conceotraif 200uM, the primers at
0.125uM each, 600 ngu™* bovine serum albumin and 2 of the DNA template
(Sundberg et al., 2007b).

The PCR products of DNA extraction and PCR reastiere examined by
agarose gel electrophoresis. A mixture of agarosebaffer was heated and poured
into the agarose gel casting tray. The solidifieel gvas covered with an

electrophoresis buffer before running electrophisr@e electrophoresis buffer was
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the same as the one used to prepare the agar@es®CR products and dye supplied
with the DNA extraction kit (21 of dye and 4u of PCR products) were placed into
the loading wells formed by the gel comb. The fivell of each row was loaded with
2 ul of Gene Ruler (1 kb DNA ladder; 1000 base pains d&mmonia-oxidising
bacteria and nitrous oxide reductase nosZ) andl 4f distilled water. The
electrophoresis was run for 40 min at 120 V (Owie8tfic, Inc., Woburn, MA,
USA). In a fume cupboard the gel was then immergedl5 min in ethidium
bromide solution and washed subsequently with tagemwv The ethidium bromide

stained gel was then visualised by UV illumination.

Il — Newcastle University, United Kingdom

The ammonia-oxidising bacterial community was iigeded using the
forward primer (CTO189fC-GC) together with the neee primer (CTO654r), as
described by Kowalchuk et al. 1997. The primersdasgned to amplify a 465 base
pair (bp) sequence covering the V2-V4 region of t&rRNA gene of AOB
belonging to theB-protebacteria. PCR was performed on a Px2 Thefyaler
(Thermo Hybaid Inc., Massachusetts, USA) in 47 qf PCR Mega Mix
manufactured by Microzone Ltd. (UK), 2 pf primer mix (CTO 189/654) and 1l p
of DNA extract. The PCR amplifications includediaitial denaturing step for 3 min
at 95C, followed by a total of 30 cycles: 1 min at’@5 1 min at 57C and 1 min at
72°C, with a final primer extension step of 10 mirvatC.

The denitrifying bacterial community was assess&dguthe functional gene
primers. Polymerase chain reaction amplificatiors wadertaken using the forward

primer (FlaCu) and reverse primer (R3Cu) targetimg nirKk gene while forward
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primer (cd3af) and reverse primer (R3cd) targetimg nirS gene were used in the
subsequent PCR. The PCR was performed on a Pxenah@ycler (Thermo Hybaid
Inc., Massachusetts, USA) in 4T ¢f PCR Mega Mix manufactured by Microzone
Ltd. (UK), 2 (l of primer mix {(FlaCu/R3CuhirK, (cd3af/R3cdnirS} and 1 fk of

DNA extract. The PCR amplifications included artiatidenaturing step for 2 min

Nitrogen removing microbial
community in ICW samples

Oo\,\

l DNA extraction

Total community DNA in samples Sample
1234

aEEEER ()]

l PCR mmmp

Amplification of 16S rRNA, nirK, nirS
and nosZ genes using primers

=@

l peeE ) (= "

Different genes visible _

l Sequence -

Excise bands and information on
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Figure 4-9. Molecular microbiological approachdsg@ted to analyse nitrogen

removing bacterial communities in ICWSs.
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at 94C, followed by a total of 35 cycles: 1 min at’84 1 min at 5IC and 1 min at
72°C, with a final primer extension step of 10 min7&fC. The presence of PCR
products was confirmed by analyzingubof product on 1% agarose gels stained

with ethidium bromide using a Bio-Rad Fluor-S ® Mumhager (Bio-Rad, UK).

4.7.3.3. Denaturing gradient gel electrophoresis

The PCR products generated using different primeese analysed by
denaturing gradient gel electrophoresis. The gelsewun to analyse PCR products
amplified using AOB specific primers (Kowalchuk at, 1997), and the functional
gene primers (Throback et al., 2004). Polyacrylamidels (120 x 120 x 1 mm)
composed of 37:5:1 acrylamide: bisacrylamide @86 polyacrylamide) prepared
with a denaturing gradient spanning 30-60% weré wéh a gradient marker (GM-
40, C.B.S. Scientific Company Inc., Del Mar, CA, A)SThe composition of 100%
denaturant was defined as 7M urea and 40% (volfasthpamide (Muyzer er at.,
1993). The gels were polymerised with 150fi TEMED and 150 pof ammonium
persulphate. Samples were prepared by mixinglldf RCR products with 111of
loading buffer and loaded onto the DGGE gel. The gere run in 1 x TAE buffer
at 65C for 4.5 h at 200 V. Subsequently, the gels weained in a solution
containing 200 ml of 1 x TAE buffer and 20 ul ofBygreen | (Sigma, Poole, UK;
diluted 1/10000 in 1 x TAE) for 30 min according the manufacturer’s protocol
and photographed under ultraviolet light using a-Rad Fluor-S ® Multiimager

(Bio-Rad, UK).
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4.7.3.4. Sequencing

The DGGE bands were excised using a sterile gmsterred to 30 lpof TE
buffer and stored at -2Q. The samples (excised DGGE bands plus TE buffery
melted in a heating block at @5 for 10 minutes. PCR was performed as described
above using the respective primers (CTO, FlaCucal3af) without a GC clamp. 5
ul of post-PCR reaction product was mixed with Rofi Exonuclease I/Shrimp
Alkaline Phosphate (ExoSAP-IT), initially incubatatl 37C for 15 min to degrade
remaining primers and nucleotides and later inabadt 86C for 15 min to
inactivate ExoSAP-IT. The cleaned PCR products weren sequenced. The
sequences were then BLAST analysed using a dataizagaining over 33000
sequences (Cole et al., 2003). The DNA sequencdseasamples were trimmed at
both the 5 and 3’ ends using the Chromas softw@mechnelysium Pty. Ltd,
Helensvale, Australia). The National Center fortBahnology Information (NCBI)
Basic Local Alignment Search Tool (BLAST; http://wncbi.nih.gov) was used to

find closely related gene sequences in public destad

4.8. Application of Self-Organising Map (SOM)

The SOM toolbox (version 2) for Matlab 7.0 develdry the Laboratory of
Computer and Information Science at Helsinki Ursigrof Technology was used
for prediction of water quality parameters. Thelbmx is available online at
http://www.cis.hut.fi/projects/somtoolbokVesanto et al., 1999). The SOM model was
applied for ammonia-nitrogen, MRP and BOD remowatbhdo better understand the

corresponding removal mechanisms. It was also eggb fill missing values and
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replace outliers in the ICW data set.

The component planes for each variable of the SQdahare shown in an
output map. The unified distance matrix (U-matri€presentation of the SOM
visualises the distances between the map neuroesaf¥o et al., 1999; Lee and
Scholz, 2006). The distances between the neightgumiap neurons are calculated,
and subsequently visualised. This helps to iderdiig subsequently illustratively
show the clusters in the input data. The compopéarie shows the value of the
variable in each map unit (Lee and Scholz, 2006).

The data obtained from the ICW system sites 3,dldnwere combined and
subsequently used for prediction of nutrients. prediction of BOR3 data from ICW
11 system was used. The inexpensive and easy tsunee8OM input water quality
variables of the outflow were DO (mg/l), temperat(®C), pH (-), chloride (mg/l),
conductivity {S/cm). The corresponding expensive and time-consgita measure
model output parameters were outflow ammonia-néno@mg/l) or MRP (mg/l). All
statistical analyses were performed using the stahsloftware packages Origin 7.0
and MATLAB 7.0. Significant difference$€0.05, if not stated otherwise) between

data sets are indicated where appropriate.

4.9. Summary

This chapter documents the description of threé-doale integrated
constructed wetland sites. The details of variagsegmental methods undertaken
have been described. Table 4-2 summarises the deetetated to this study and
shows the contribution of various people. Thisptbasummarises the methods used

to analyse various water quality parameters amul rasthods to determine nutrients
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in plants and sediments. The molecular toolbox iadpto investigate nitrogen
removing bacteria in wetland components has alsen bdescribed. Finally the

application of SOM model for water quality predoctipurposes has been described.

Table 4-2. Methods related to study and contribugbdifferent people.

Project facet Contribution

1) ICW performance evaluation

Water quality sampling W+ A
Water quality analysis W
Data treatment AM
Data analysis AM
2) Role of plant and sediments
Plant and sediment sampling W+ AM
Laboratory analysis AM
Vegetation cover W+ AM
Sediment depth W+ AM
Data analysis AM
3) Microbial ecology
Litter and sediment sampling W+ AM
DNA extraction, PCR AM
DGGE AM + NC
Sequencing NC
Data analysis AM
4) Application of SOM model
Data collection w
Data treatment AM +VC
SOM model application AM + VC

A occasional assistance by the author; AM authmskif; NC Newcastle
University staff; VC visiting Chinese PhD studeWf; Waterford County Council staff
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Chapter 5 Treatment Performance

5.1. Introduction

This chapter investigates treatment potentials eredthanisms for BOP
COD, SS and nutrient removal in three full-scaleegnated constructed wetlands.
Annual variations of influent and effluent water atity are presented and
performances of the three wetland systems aresesbséy evaluating the constituent
concentrations.

A neural network model (self-organising map) wasdut explain the effect
of water quality variables on the BQI5S and nutrient removal. The performance of
a selected wetland system was also statisticallgpaved to examine the removal
performance of full-scale integrated constructedamels. Parts of this chapter have
been published as articles in Bioresource Techmyplggological Engineering, Water
Research and Wetlands.

The major objectives of this chapter are to asliesgperformance of full-
scale integrated constructed wetlands treating iemitr enriched wastewater
emanating from farmyards and to investigate paaéntontamination of nearby

surface waters and ground water.

5.2. Inflow water quality

Table 5-1 presents the mean inlet concentrationh®fmonitored water
quality variables. For ICW 3, the mean inflow BQICOD and suspended solids
values were 469.20 + 978.07 mg/l, 1663 + 2793.22/,n6¢3.18 + 1669.18 mg/I,

respectively. For ICW 9 values were 314.79 + 725rifl, 753.11 + 1061.40 mg/l,
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583.27 £ 1337.71mgl/l, respectively. The mean inflemues for ICW 11 were as
follows; BODs, 615.30 + 692.886 mg/l; COD, 1646.23 + 1978.52Imsyspended

solids, 460.86 + 2091.99 mg/l. ICW 11 had high m&&Ds values compared to

Table 5-1. Summary data of water quality variabtésintegrated Constructed
Wetlands (ICWs) influents between 2001 and 2008.

Variable Statistics ICW
3 9 11
Dissolved oxygen (mg/l) Mean 2.4 3.8 9.3
SD 2.3 25 2.0
N 59 47 41
Temperature (°C) Mean 12.6 13.7 13.2
SD 3.0 3.6 2.9
N 56 46 37
pH (-) Mean 6.8 7.1 7.7
SD 0.7 0.4 1.0
N 72 69 70
Electrical conductivity (uS/cm) Mean 1118 1014 1403
SD 876 468 745
N 50 45 38
Suspended solids (mg/l) Mean 623 583 461
SD 1669 1338 2092
N 69 75 79
Biochemical oxygen demand (mg/l) Mean 469 315 615
SD 978 725 693
N 58 65 66
Chemical oxygen demand (mg/l) Mean 1663 753 1646
SD 2793 1016 1979
N 81 79 88
Ammonia-nitrogen (mg/l) Mean 52.0 29.4 38.6
SD 38.4 311 36.4
N 96 120 137
Molybdate reactive phosphorus (mg/l) Mean 19.2 8.7 105
SD 20.3 12.7 7.9
N 98 121 140
Chloride (mg/l) Mean 91.1 123 113
SD 52.6 102 54.6
N 75 87 104

SD standard deviation; N number of samples
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ICW 3 and ICW 9, while the latter two had high maafiow suspended solids
concentrations compared to the former. There wayeeranimals (70 cows) on the
farm associated with ICW 11 compared to 50 andd®@sdn farms associated with
ICW3 and ICW 9, respectively. Concerning nutried@W 3 had higher influent
concentrations (NHN, 52 mg/l; MRP, 19.2 mg/l) compared to ICW 9 (NN, 29.4

mg/l; MRP, 8.7 mg/l) and ICW 11 (Ng&N, 38.6 mg/l; MRP, 10.5 mg/l). ICW 9 had
a higher mean chloride concentration, 123 mg/l caneg to ICW 3 and ICW 11
which had 91 mg/l and 113 mg/l, respectively. Olleraterms of physical and
chemical parameters, ICW 3 receives more contastnatluent compared to ICW
9 and ICW 11. In general, Table 5-1 illustrates\Bey high variability in the quality

of farmyard runoff entering the ICW systems.

5.3. Outflow water quality

Table 5-2 presents the mean outlet concentratiérifieo monitored water
quality variables. For ICW 3, the mean outflow B)EQOD and suspended solids
values were 18.5 £ 20.9 mg/l, 91.1 + 45.9 mg/I515616.10 mg/l, respectively, and
for ICW 9 values were 10.0 £ 12.0 mg/l, 57.6 = 4m@/l, 21.9 + 76.7 mgl/l,
respectively. The mean outflow values for ICW l1llrevas follows: BODB, 11.4 +
10.1 mg/l; COD, 63.39 + 75.2 mg/l; suspended soplitl4.27 + 16.86 mg/l.
Concerning nutrients, for ICW 3, the mean outfloWd/NN and MRP values were 1.7
+ 3.8 mg/l, 3.5 + 2.3 mg/l, respectively, and f@W 9 values were 0.8 £ 1.0 mg/l,
0.6 £ 0.5 mgl/l, respectively. The mean outflow esldor ICW 11 were as follows:

NH4-N, 0.4 + 0.6 mg/l; MRP 0.9 £ 0.6 mg/I.

78



With regards to pH, the ICW effluent was circummabltor all three wetland
systems (ICW 3, 7.2; ICW 9, 7.6 and ICW 11, 7.5adkec and Wallace (2009)
reported that vegetated free-water surface wetlgmdduce effluent with pH just

above neutrality. The effluent dissolved oxygenaamrations increased for ICW 3

Table 5-2. Summary data of water quality varialoiektegrated Constructed
Wetlands (ICWs) effluents between 2001 and 2008.

Variable Statistics ICW
9 11

Dissolved oxygen (mg/l) Mean 3.9 8.6 5.4

SD 3.0 2.9 3.4

N 40 33 52
Temperature (°C) Mean 12.0 10.8 13.9

SD 4.4 4.2 4.8

N 39 34 47
pH (-) Mean 7.2 7.6 7.5

SD 0.9 0.6 0.6

N 58 55 80
Electrical conductivity (uS/cm) Mean 404 368 378

SD 146 57.3 45.0

N 34 32 47
Suspended solids (mg/l) Mean 15.5 21.9 14.3

SD 16.1 76.7 16.8

N 58 53 89
Biochemical oxygen demand (mg/l) Mean 18.5 10.0 311.

SD 20.9 12.0 10.1

N 54 52 69
Chemical oxygen demand (mg/l) Mean 91.0 57.6 63.4

SD 45.9 47.9 75.2

N 69 61 98
Ammonia-nitrogen (mg/l) Mean 1.7 0.8 0.4

SD 3.8 1.0 0.6

N 91 85 148
Molybdate reactive phosphorus (mg/l) Mean 3.5 0.6 90

SD 2.3 0.5 0.6

N 92 84 152
Chloride (mg/l) Mean 49.9 45.5 374

SD 14.3 8.5 7.3

N 63 58 113

SD standard deviation; N number of samples
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and ICW 9 but decreased for ICW 11 compared to itliieent. The wetland
environment is complex and sediments and litter pmments consume oxygen
during decomposition. Moreover wetlands have tleim oxygen demand, for

example DO plays a vital role in driving the nitétion and aerobic decomposition.

5.4. BOD removal

5.4.1. Removal performance
Integrated constructed wetland 3

Figure 5-1 shows the time series of BO&bncentrations in the inlet and
outlet of ICW 3. The BOBinlet and outlet values in the initial year of cgtéon
were relatively unstable. Wetland systems have bgmstorage components which
take time to mature. Hence, it is most likely thia system was maturing in the
initial year of operation. All the outlet BQDconcentrations in later years were

below the threshold of 25 mg/l set for dischargerfrirish wastewater treatment
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Figure 5-1. BOI9 concentrations entering and leaving ICW 3 (200080
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plants. The maximum BQpinlet value was 3068 mg/l while the maximum effitie
BODs value was 62 mg/l. The average effluent BQbncentration was 18.54 mg/l
(Table 5-2) which is well below the 25 mg/l Irishscharge standard from
wastewater treatment plants.
Integrated constructed wetland 9

Figure 5-2 shows the time series of BOEbncentrations in the inlet and
outlet of ICW 9. The effluent BOPconcentrations in the initial year of operation
were higher than the threshold of 25 mg/l set fiscltarge from Irish wastewater
treatment plants. It is most likely that the systess maturing. The majority of
outlet BOD, concentrations in later years were below the ttolesof 25 mg/l. The
maximum BOD inlet value was 4500 mg/l while the maximum efflu0Ds value
was 38 mg/l. The average effluent BOEBbncentration was 10.8 mg/l (Table 5-2)

which is well below the 25 mg/l Irish dischargerngtard from wastewater treatment

plants.
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Figure 5-2. BOIg concentrations entering and leaving ICW 9 (2000830
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Integrated constructed wetland 11

Figure 5-3 shows the inlet and outlet BO©&ncentrations for ICW 11. The
BODs outlet concentration in the initial months of ogtésn was occasionally higher
than the 25 mg/l threshold set for discharge frashlwastewater treatment plants. It
is most likely that the system was maturing and #erobic and anaerobic
degradation processes were becoming establishedt b the outlet BOPD
concentrations in later years were below the tholgsbf 25 mg/l. The maximum
BOD:s inlet value was 2481 mg/l while the maximum eflu®0ODs value was 34
mg/l. Average influent and effluent B@@oncentrations for the monitoring period
(August 2001-December 2008) were 572.6 mg/l an@6Ling/l, giving an average

concentration reduction efficiency of 98%.
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Figure 5-3. BOI9 concentrations entering and leaving ICW 11 (20008).
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5.4.2. Comparison of annual BOD removal performances

The mean annual biochemical oxygen demand remdfialeacies for the

three wetland systems are shown in Figure 5-4.BMBs removal efficiency varied

with time. BOD; was consistently removed from the three ICW systenth mean

removal efficiencies between 96% and 65%, 90% &%, %And 85% and 97% for

ICW 3, 9 and 11, respectively. The removal efficierof ICWs is higher in

comparison to other wetlands treating similar tyge influents: 65 and 76%,

2000, Newman et al.Q@0respectively); 40-50% New

Connecticut (Knight et al.,

Zealand (Tanner et al., 2005); 80% Oregon (Skatda.e1994). Overall, ICW 11

was more efficient in BOPremoval compared to ICW 3 and 9. The mean effluen

BODs concentrations for the three wetland systems atiydCW 3 (16.87 mg/l);

ICW 9 (9.48 mg/l) and ICW 11 (15.43 mg/l) were we#low the threshold of 25

mg/I for discharges from Irish wastewater treatn@ants.
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Figure 5-4. Mean and annual B@E@moval efficiencies for ICW 3, 9 and 11 (2001-

2008).
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The ratios of BORto COD for the ICW effluents were close to 0.2\ G
was 0.2; ICW 9 was 0.17 and ICW 11 was 0.17). eSrénd Tchobanoglous (1998)
reported a ratio of 0.21-0.23 for free-water suefacetland effluents located in
Columbia, Missouri. Moreover the BGQICOD ratio in the inlets and outlets
decreased over time for all three systems indigatimat they were efficiently
removing the organic matter even after operatimgrfore than 7 years.

In ICW, the BOR removal mechanisms include sedimentation and ti@io
degradation. Sedimentation is a physical processhwint only removes suspended
solids but also provides sufficient contact timetths essential for subsequent
chemical and biological processes to take placgherremoval and degradation of
contaminants. Nevertheless, the wetland environmgnvery complicated; for
instance respiration occurs in aerobic zones, fetaten and nitrate reduction occur
in anoxic or anaerobic zones while methanogeneasiars in the anaerobic zones.
Some of the carbon is processed above water, adahding dead material oxidizes,
while some of the submerged litter and sedimerggavcessed into soluble organic
compounds that add carbon to water. These compteegses result in the nonzero

background BOD concentration in wetlands.

5.4.3. BOD removal kinetics

In treatment wetlands, concentration profiles dexlin an approximately
exponential pattern over distance from the inletdkéc and Knight (1996) discussed
the removal of BOD in wetlands using the first-ardénetic model (the k-C*
model). First-order kinetics dictates that the realgate of a particular pollutant is

directly proportional to the remaining concentratiat any point within the
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wetland cell. IfJis the constituent reduction rate (§/year),k is the first-order rate
constant (m/year); is the constituent concentration (mg/l) &idis the background

constituent concentration (mg/l), then the simpiestiel will be as follows:

J=k(C-C¥ (5-1)

The mixing theory asserts that when the conceotrabf the reactant
decreases along the length of the flow path thraaugbactor then it is classified as
plug flow. Plug flow provides a more suitable dgstton of the flow pattern in
constructed wetlands. The methodologies adoptethéodesign of wetland systems
have been derived from conventional chemical regmtociples and hence assume
first-order degradation kinetics and a plug flowinee. Incorporating the plug flow
regime concept into equation 5-1, the final equmbecomes as follows:

In|Gu-C*| = k (5-2)
G-C g

where
Coutis the outlet concentration (mg/l);
Cinis the inlet concentration (mg/l);

C* is the background concentration (mg/l);

k is the first-order rate constant (m/d); and
g is hydraulic loading rate (m/d).

However, these simple and widely used models doemztompass the
complex wetland hydraulics and processes. Kadle@QRhas discussed the issue in
his paper entitled “The inadequacy of first-ordegatment wetland models”.

Researchers have proposed more sophisticated madethe Tank in Series (TIS)

85



model or Plug flow with dispersion (PFD) model. $aanodels simulate non-ideal
hydraulics (Kadlec 2003). Nevertheless, Rousseaal.et2004) reviewed various
wetland design approaches and pointed out thaitdetgpdeficiencies, the plug flow
model remains the best available method.

Wetland hydraulics is complicated. Specifically, WCsystems are semi-
natural and open; flow rates are therefore panignown. However, based on the
available data, the first-order rate constant @wWl 11 was determined (Table 5-3).
Data collected in the database were and used ¢alatd the k value. A background
concentration (C*) of 4 mg/l was used for ICW 1ligthhas an area of 7676°ni\
summary of the rate constant is presented in TadeAlso provided in the table are
mean k values computed by Knight et al. (2000) gighe Livestock Wastewater
Treatment Database (LWDB) and Jamieson et al. (2fabAvetlands treating dairy
wastewater.

The hydraulic loading rate q (Q/A) is one of theykeetland design
parameter. This factor for ICW systems is very chieaged because ICW are not
fully engineered treatment wetlands where the wfénd outflow rates are known,
and where losses to groundwater are zero. Mored@¥, are purely driven by

rainfall events and not by rather constant inflates, which are common for

Table 5-3. Mean inlet and outlet B@Boncentrations and first order reaction rate

constants.
BODsin (mg/l) BODsout (mg/l) k (m/yr) Reference
668.5 4.95 15.2 ICW 11
263 93 22 Knight et al. (2000)
1747 34 9.7 Jamieson et al. (2007)
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constructed wetlands treating domestic wastewates.value of k computed in this
study is lower than the rate constant computed bhight et al. (2000) using data
from LWDB and higher than that computed by Jamiesbal. (2007). The values
reported by Knight et al. (2000) have been corcedta temperature using the
modified Arrhenius equation and are presented,gsate constants. For the current
study, a temperature correction was not made agathst literature suggests that
BOD removal is not improved at higher wetland waemnperatures (Kadlec and
Wallace, 2009). The different climate may also he of the reasons for the different
k value in this study and moreover at times the I@deive very high organic loads
which might have caused anoxic conditions. Furtltoeengeneration of farmyard
runoff is intermittent, as it relies on precipitatievents. The intermittent application

of wastewater results in an unsteady system ancehiafluences the k value.

5.4.4. Factors affecting BOD removal

The SOM model was applied to the ICW 11 data totifiethe relationship
between the influent water quality variables andDB@moval (Figure 5-5). The
SOM model is highly suitable for visualising retatships in complex biochemical
data sets (Garcia and Gonzalez, 2004). The refdtipa between most variables in
biochemical processes are complex and non-linead &OM’s visualisation
capabilities can be utilised for understanding ¢hiesricate relationships.

The most important clusters present in the prodass are identified in the

U-matrix. While, the component planes show the behe of a given input variable
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Figure 5-5. Visualisation of relationships betwaefiuent water quality indicators
and effluent BOI9 concentrations in ICW 11. The U-matrix is at thop tleft,
followed by the component planes. The eight figuaeslinked by position: in each
figure, the hexagon in a certain position corresisaio the same map unit.
throughout the whole data set. Figure 5-5 showg thigh effluent BOR
concentrations (>20 mg/l), are associated withtikedly low pH (<7) and high
influent BOD; concentrations (>100 mg/l). The SOM map does hotwsany clear
relationship between the effluent B@Droncentrations and conductivity, and
temperature. From the U-matrix, it can be seen thase data units are small.
Klomjek and Nitisoravut (2005) reported that highlt sconcentration is a major
factor causing poor BOD treatment by leading tonplsiress and affecting the
metabolism function of the organism. However, t@Ms map shows that high
conductivity did not have an impact on BOBemoval in the present study. Salt
concentration refers to conductivity and chloriden@entrations present in the

farmyard runoff.
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Compared to traditional wastewater treatment systéattivated sludge,
trickling filters, etc.), treatment wetlands havery complex processes and are
composed of biotic components that exhibit spatwterogeneity. In most
wastewater treatment systems, the first-order mbdslbeen reliable for predicting
removal rates of organic matter. The modified Anibe relationship is used to
adjust the removal coefficient.

ko1 = ky1,200%9 (5-3)
where
k.. = rate constant at temperature F; d
k,120= rate constant at 20°Cgd
0 = modified Arrhenius temperature factor, dimenkeg; and
T = water temperature,

Overland flow and stabilisation ponds are the twostnclosely related
companion technologies to wetlands for BOD reducti®adlec and Reddy (2001)
reported temperature coefficients close to 1 fothbeystems. Abis (2002) also
reported the lack of temperature effect in pondadléc and Wallace (2009)
reanalysed the temperature effect on performancgeweéral wetland systems and
reported a theta value of 0.985 + 0.021. This vahdicates a slightly worse
performance at higher temperatures. They conclukadin wetland systems BOD
removal is not improved at higher wetland tempeestuThe carbon processing in
wetlands is very complex and many other processegetland soils, sediments and
biomass can affect BOD removal. B@ihfluent and effluent data (Gnd G,
respectively)from ICW 3, ICW 9 and ICW 11 were used to determtihe

relationship between influent and effluent BQDoncentrations. The linear
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relationship of inlet and outlet concentration is
ICW BOD:s correlation ©=0.0017 ¢+ 11.831 (5-4)
Many wetland variables such as vegetation typeemddpth, climate, size and shape,

are not taken account of in the above equation.

5.5. Suspended solids removal

5.5.1. Removal performance

Integrated constructed wetland 3

Figure 5-6 shows the time series of SS concentratio the inlet and outlet
of ICW 3. The majority of outlet SS concentratiangept for the initial months and
some in later were below the threshold of 35 mg/lkat for discharge from Irish
wastewater treatment plants. The maximum SS irdktevwas 6065 mg/l while the
maximum effluent SS value was 64 mg/l. The aveerdtjieent SS concentration was
15.5 mg/l (Table 5-2) which is well below the 35/irigsh discharge standard from

wastewater treatment plants.
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Figure 5-6. SS concentrations entering and leaddvy 3 (2001-2008).
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Integrated constructed wetland 9

Figure 5-7 shows the inlet and outlet SS conceatratfor ICW 9. All the
outlet SS concentrations except for the initial thenand one in 2006 were below
the threshold of 35 mg/l as set for discharge flogh wastewater treatment plants.

The maximum SS inlet value was 7840 mg/l whilertteximum effluent SS value

4
10 5
O Inlet %
o ) A Outlet
O
10" © o o O
OO o
> o) o) 0o © o ®
€ 10 o O
= o o) o &O
0 o @3
N A 8 o - 0 35 mgl/l oR A
Qo A AL O Threshold o A o A
1 AA A AO él %A &
10" + Q_Z&ZXE & AA JANVAVAN A A A 0
A
A AL A
0 20\

08/01 05/02 03/03 01/04 11/04 09/05 07/06 05/07 03/08 12/08
Time (day)

Figure 5-7. SS concentrations entering and leaddvy 9 (2001-2008).
was 51.6 mg/l. The average effluent SS concentratias 12.71 mg/l (Table 5-2)
which is well below the 35 mg/l Irish dischargengtard from wastewater treatment
plants.
Integrated constructed wetland 11

Figure 5-8 shows the inlet and outlet SS conceatratfor ICW 11. Most of
the outlet SS concentrations were below the thidsbb35 mg/l set for discharge
from Irish wastewater treatment plants. The maxin&fninlet value was 8640 mg/I

while the maximum effluent SS value was 100 mgheTaverage effluent SS
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Figure 5-8. SS concentrations entering and leathagCW 11 (2001-2008).

concentration was 16.44 mg/l (Table 5-2) which isllvbelow the 35 mg/l Irish

discharge standard from wastewater treatment plants

5.5.2. Factors affecting suspended solids removal

The removal of suspended solids is one of the nfajuetions performed by
wetland ecosystems. Suspended solids are removeuhysjcal processes such as
sedimentation, aggregation and interception. Wdtlalants play a major role in the
removal of solids. They reduce water column mixengd cause flocculation of
smaller colloidal particles into larger particlebiah can settle easily.

The sizes of wetland cells also influence the remh@f SS. The larger the
cell size, the higher the retention time and theatgr the SS removal. All ICW
systems have high SS removal efficiencies: ICW736%; ICW 9, 96.2%, and ICW
11, 90.8%. The last cell of ICW 9 in comparisortiiose of ICW 3 and ICW 11 has
denser vegetation and hence lower SS concentraitiotise effluents: 12.71 mg/l

compared to 15.64 mg/l and 16.44 mg/l. Moreovgmmd forms the final element in
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Figure 5-9. Vlsuallsation of relationships betwadiuent water quality indicators
and effluent SS concentrations in ICW 11. The Urinas at top left, followed by
the component planes. The eight figures are lifiigegosition: in each figure, the
hexagon in a certain position corresponds to theesaap unit.

ICW 11 and this has resulted in comparatively higlaues of SS from this wetland.

Kadlec and Wallace (2009) discouraged the usepoing as the final element
in constructed wetland systems. However, ICW argiged not only for water
treatment but other objectives including integmatiinto the landscape and
biodiversity enhancement.

Birds, fish and mammals can resuspend solids Igadimigh concentrations
of SS in wetland effluents due to bioturbation. \Afeds also produce sediments
internally. For example, SS originate from stem &eaf litter. A portion of this
material undergoes microbial decomposition and éerantributes to the SS. The
final effluent SS is linked to the internal procesgaking place within the system
which may be physical or biological and are randomature. Thus, SS from

wetlands are impacted by stochastic variabilitydléa and Wallace, 2009).
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5.6. Nutrient removal

5.6.1. Removal performance

Integrated constructed wetland 3
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Figure 5-10. NN concentrations entering and leaving ICW 3 (2Q008).

Figure 5-10 shows the time series of ammonia-némnogoncentrations in the
inlet and outlet of ICW 3the performance of ICW @& feduction. The maximum
ammonia-nitrogen inlet value was 160 mg/l while thaximum effluent value was
14.20 mg/l. The average effluent ammonia-nitrogencentration was 1.37 mg/l
which is low. Significant discharges of ammonia t@&ntoxic to aquatic life and the
low effluent value shows that the ICW effluent ist impacting on the receiving
water courses and associated life.

Integrated constructed wetland 9

Figure 5-11 shows the inlet and outlet ammoniasg#n concentrations for

ICW 9. The maximum ammonia-nitrogen inlet value W mg/l while the

maximum effluent value was 4.55 mg/l. The averaffeient ammonia-nitrogen
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Figure 5-11. NN concentrations entering and leaving ICW 9 (2Q008).

concentration was 0.71 mg/l which is low. Signifitdischarges of ammonia can be
toxic to aquatic life and the low effluent valueosls that the ICW effluent is not
impacting on the receiving water courses and agssmtaquatic life.

Integrated constructed wetland 11

Figure 5-12 shows the inlet and outlet ammoniasgeén concentrations for ICW 11.
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Figure 5-12. NN concentrations entering and leaving ICW 11 (2Q008).
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The maximum ammonia-nitrogen inlet value was 243/l nwhile the
maximum effluent value was 2.65 mg/l. The averaffeient ammonia-nitrogen
concentration was 0.42 mg/l which is low. Signifitdischarges of ammonia can be
toxic to aquatic life and the low effluent valueosls that the ICW effluent is not
impacting on the receiving water courses and agsstaquatic life.

Integrated constructed wetland 3

Figure 5-13 shows the inlet and outlet molybdatactige phosphorus

concentrations for ICW 3.
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Figure 5-13. MRP concentrations entering and lepl@\W 3 (2001-2008).

The maximum MRP inlet value was 111.40 mg/l while maximum effluent
value was 8.53 mg/l. The average effluent MRP cotmagon was 3.04 mg/l and the

average percentage reduction in MRP concentratien ihe monitoring period was

84.2%.
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Integrated constructed wetland 9
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Figure 5-14. MRP concentrations entering and leal@\W 9 (2001-2008).

Figure 5-14 shows the inlet and outlet molybdatactige phosphorus
concentrations for ICW 9. The maximum MRP inletwaaivas 124.70 mg/l while the
maximum effluent value was 2.88 mg/l. The averaffielent MRP concentration
was 0.58 mg/l and the percentage reduction in M&Rentration over the 8 years

monitoring period was 93.0%.

Integrated constructed wetland 11

Figure 5-15 shows the inlet and outlet molybdatactige phosphorus
concentrations for ICW 11. The maximum MRP inlefueawas 37.5 mg/l while the
maximum effluent value was 2.60 mg/l. The averaffielent MRP concentration
was 0.93 mg/l and the average percentage reduictidRP concentration over the

monitoring period was 91.2%.

97



40 (e} Inlet

A Outlet o
35 -
© o
30 -
o

~ 25 A
> © 9
£ o
E 50 e} o o
Q o}
' OOO o
= 15 o o° © o ©

Time (day)

Figure 5-15. MRP concentrations entering and lepi@\W 11 (2001-2008).

5.6.2. Comparison of annual nutrient removal performances
A common measure of wetland contaminant removadcéffeness is the
percentage reduction in contaminant concentraborthe ‘removal efficiency’. The
removal efficiency for various parameters was dated using Equation 5-5.
RE (%) = [Cin _ Cojt x100 (5-5)
Cin
where; RE = removal efficiency, and Cin and Coetthe mean influent and

effluent concentrations, respectively.

The mean ammonia-nitrogen and molybdate reactivesgdtorus removal
efficiencies for the three integrated constructedlands are shown in Figure 5-16. It
shows the annual treatment performances of thréfereht ICW systems. The
nutrient removal efficiency varied with time. Ammamitrogen was consistently
removed from all of the ICW systems with mean ahmffciencies between 80%

and 99%, 92% and 99%, and 97% and 99% for ICWaB®11, respectively.
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Mean ammonia-nitrogen reduction in ICW 11 was highan reductions in
ICW 3 and 9. Throughout the monitoring period theam annual removal efficiency
for ICW3 was lower compared to ICW 9 and 11. FOYM@ the ammonia nitrogen
removal during the first year of operation increhbg approximately 10% and was
greater than 97% for the four succeeding years;elewit then decreased to 72%
and 74% during the sixth and seventh year of ojeratThe low removal
efficiencies during this period (2006-07) were doethe entry of poultry wastes
originating from a farm situated nearby. For ICW, there were no significant
annual trends in mean ammonia-nitrogen reductiodis@issed below. During the
eighth year of operation, ICW 11 had a high ammuaitiamgen removal efficiency,
98% compared to 94% and 92% for ICW3 and 9, resmygt Molybdate reactive
phosphorus was also consistently removed with nagarual efficiencies between
67% and 99%, 77% and 98% and, 81% and 94% for IC@/&hd 11, respectively.
However, there was a reduction in the molybdatectiea phosphorus removal

efficiencies in the eighth year for all three ICW.
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Figure 5-16. Annual nutrient removal efficienciesICW 3, ICW 9 and ICW 11 for
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5.6.3. Long-term nutrient removal performance

Annual treatment performance. In order to assess the annual and seasonal
variations in nutrient removal, ICW 11 was selectedsed on the historical data.
Table 5-4 shows the annual treatment performantéseoCW system in terms of
nutrient removal from 2001 to 2008. There wereigaicant annual trends in mean
ammonia-nitrogen and MRP reduction. However, farabte-nitrogen the mean
reduction decreased by 6% in 2007, which was, agghahis was not statistically
significant. In 2008, there was an abrupt decreasthe nitrate-nitrogen removal.
Figure 5-17 shows cell-wise reduction of nitrateegen concentrations. The figure
illustrates that more than 91% and 66% of nitratesgen is removed in the first and
third cells of the ICW system respectively. In gast, nitrate-nitrogen
concentrations increase in cells 2 and 4, whiamast likely due to the presence of
field drains. Water from the drain adjacent to tbell 4 has high nitrate
concentrations, and it is likely that it may haweqwlated into cell 4 and cell 2 which
is parallel to cell 4 (Figure 5-24). The MRP redocs were similar to the SS
reductions, which might indicate that phosphorusfien bound to particulate matter
within the inflow water (Scholz, 2006).

As the ICW system continued to mature, the miclob@nmunities and
aquatic vegetation became more established, negutia stable system with high
pollutant removal capacity. The overall nutrieninmaal efficiency of the system
was high: 99% for ammonia-nitrogen, 87% for nitratieogen and 93% for MRP,
even in the seventh year of its operation. Thiglifig contrasts with the common
notion that the nutrient removal efficiency of ctmEted treatment wetlands

decreases with age, especially for phosphorus ramas the mineral sediment
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becomes saturated; i.e. no free adsorption sitesire(Kadlec, 1999; Kent, 2000).
This may imply that ICW cannot be compared withditianal treatment wetlands in
terms of their capacity to retain nutrients.

The soil characteristics have an important inflleelon the magnitude of
phosphorus losses. Different factors such as padize distribution, organic content,
and iron and aluminium concentrations influence abéity of wetland soil to hold
phosphorus (Sharpley, 1995; Leinweber et al., 1888y, 2000). In general, soils
with high clay content have a higher capacity todbphosphorus than those with
sandy and organic soils (Sharpley, 1995; Maguiralet1997; Leinweber et al.,
1999; Daly, 2000). Also soils with higher iron aaldminium content were found to
have a greater capacity to bind phosphorus (Dal02 Dunne et al. (2005b)
demonstrated with the help of an intact soil/wa@umn study that the phosphorus
sorption parameters were significantly relatedhite amorphous forms of iron and
aluminum oxides in soils. Previous research coretlutty Dunne et al2005a,b)
showed that the soil in the current study site areatains high proportions of
silt and clay (54 + 2.0% silt and 33 + 1.7% claafd most likely also relatively high
amounts of iron and aluminium, resulting in a gee@hosphorus binding capacity of
the soill.

Furthermore, as the wetland ages, the continuotisnadation of senescing
plant biomass increases the phosphorus storageityapithe ICW system (Wallace
and Knight, 2006). Moreover, the wetland plantsemeot harvested, resulting in the
accumulation of organic matter. The wetland subsetiy changes from an initially
mineral based system to an organic based systemhigher phosphorus removal

capacity.
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Table 5-4. Annual nutrient concentrations and reahefficiencies (RE) for ICW 11 2001 to 2008.

Variables 2001 2002 2003 2004 2005 2006 2007 2008
Ammonia-nitrogen (meanzstandard deviation)

Influent 248+122 39.0+76.6 40.1 +39.3 33.2+20.2 7%H51.0 33.9%225 21.0+£27.2 48.8 +38.4

(mg/l)

Effluent 0.68+1.0 0.30£0.35 0.40 £ 0.58 0.34£0.46 @4666 0.39 +0.59 0.11+£0.13 0.77 £1.15
(mg/l)

N 4 9 12 27 46 16 23 13

RE (%) 97.2 99.1 99 98.9 99.1 98.8 99.5 98.4
Nitrate-nitrogen (meanzstandard deviation)

Influent - - - - 291 +£382 3.02+347 2.58 £2.95 2.73.66
(mg/l)

Effluent 0.01+£0.02 13%15 54+29 1.04+13 0.1930 0.21+£0.33 0.63+0.26 2.15+1.81
(mgl/l)

N 4 8 12 27 46 16 23 13

RE (%) - - - - 93.4 93 86.8 21.2
Molybdate reactive phosphate (meanzstandard dewiati

Influent 3.8+25 39+16 126 £+134 13.1+10.3 1489 9.34+7.23 8.04 +5.83 12.81+11.3
(mg/l)

Effluent 0.73+x048 0.7+x05 0.80 £0.59 1.14 +0.80 &r42 1.69 £0.60 0.52+£0.18 1.25+1.26
(mgl/l)

N 4 9 12 30 46 16 23 13

RE (%) 80.7 82.4 93.6 91.2 93.9 81.9 92.6 90.2

N sample number
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Figure 5-17. Nitrate concentration variations iWQ@.1 during 2008.

Seasonal performance. Seasonal variations in nutrient removal performance
were observed (Table 5-5). The ammonia-nitrogerceommations within the inflow
were relatively high in summer and autumn comparedvinter and spring. In
comparison, the ammonia-nitrogen outlet concemwinatiwere higher during fall
compared to other seasons. Therefore the mean atrefficiencies were higher
during spring (99.4%) and summer (99.7%) and diglower during fall (98.7%)
and winter (99.3%). Although the mean removal éficies in fall and winter were
relatively high, the mean concentrations of thdoinfdrastically increased during
these two seasons and the mean concentrations outflow were 0.92 + 0.769 and
0.60 + 0.201 mg/Il, respectively. The ammonia-nigmgoncentrations in the outflow
were significantly greatep(< 0.05) during fall than summer. This can be exdi
by the observation that there was reduced outfloal @ longer retention time in

summer compared to fall (see below).

104



In comparison to previous constructed treatmentandtstudies (Gottschall
et al., 2007; Newman et al., 2000), the ICW system very high nutrient removal
efficiencies. Molybdate reactive phosphorus wase &ficiently removed in spring
(95.7%), summer (90.7%), fall (94.9%) and winteB.@6). The MRP outlet
concentrations were significantly greater durinty fiaan during summer, because

there was reduced outflow and a longer retentime in summer.

Table 5-5. Seasonal comparison of nutrient conagatrs for the integrated

constructed wetland (ICW 11) treating farmyard ffino

Nutrient Spring Summer Autumn Winter

Ammonia-nitrogen (mean * standard deviation)

Influent (mg/l) 28.09 + 21.389* 50.99 + 56.640* ©@9.+ 62.597* 38.15 + 22.960*
Effluent (mg/l)  0.17 £ 0.286* 0.16 £ 0.201**  0.920t769*** 0.24 £ 0.197*
RE (%) 99.4 99.7 98.7 99.3
Molybdate reactive phosphorus (mean + standardatien)

Influent (mg/l) 12.23 +11.654* 10.54 £6.430* 22.613.113* 15.08 * 6.555*
Effluent (mg/l)  0.52 + 0.235* 0.98 +0.147% 1.09611° 1.02 + 1.503*

RE (%) 95.7 90.7 94.9 93.2

RE, removal efficiency; means followed by the saymbol are not statistically significantly diffeten
(p<0.05)

5.6.4. Nutrient removal kinetics

Based on the available data first-order rate cotstar nutrients (NgtN and
TP) were computed (Table 5-6). Background concgatra (C*) of 0.05 and 0.02

mg/l were used for NN and TP, respectively. A summary of the computze
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constants is presented in Table 5-6. Also provitethe table are mean k values
computed by Knight et al. (2000) using the Livektod/astewater Treatment

Database (LWDB) and Jamieson et al. (2007) foramel$ treating dairy wastewater.

Table 5-6. Mean inlet and outlet nutrient conceidres and summary of first order

reaction rate constants computed for ICW 11.

Mean G, Mean G k (m/yr) Jamieson Knight et
Parameter
(mall) (mall) et al. (2007) al. (2000)
NH.-N 20.94 0.16 12.2 7.0 14
TP 9.14 0.78 5.8 4.3 8

The values of rate constant k computed in thisysard lower than the rate constant
computed by Knight et al. (2000) using data from DB/and higher than those
computed by Jamieson et al. (2007). The valuestegpbdy Knight et al. (2000) have
been corrected for temperature using the modifiecheéhius equation and are
presented as;krate constants. For the current study, temperatmection was not
made. There are many reasons for the fluctuativglles. At times the ICW receive
very high organic loads which might have causedx&noonditions. Furthermore,
generation of farmyard runoff is intermittent, aselies on precipitation events. The
intermittent application of wastewater results mnuasteady system and hence may

have influenced the k values.
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5.6.5. Factors affecting nutrient removal

The SOM model was applied to identify the relatlips between the
outflow ammonia-nitrogen concentrations and othetew quality variables. The
component planes for each variable of the SOM madelshown in Figure 5-18.
The unified distance matrix (U-matrix) represematiof the SOM visualizes the
distances between the map neurons (Vesanto 08P, Lee and Scholz, 2006). The
distances between the neighbouring map neurons eedcalated, and subsequently
visualized. The component plane shows the valutgn@fvariable in each map unit
(Lee and Scholz, 2006).

The component plane helps to visualise the relskips between ammonia-
nitrogen and other variables. High outflow ammami@aegen concentrations (>1.16
mg/L) are linked to high chloride concentration89= mg/L), high conductivity
values (>386 upS/cm) and low temperatures (<12.9. ‘@nmonia nitrogen
concentrations do not reveal an obvious associatitn DO concentrations and pH.
Low reduction rates are apparently associated high outflow ammonia-nitrogen
concentrations as shown in Table 5-7. High levdlscanductivity and chloride
represent high salt concentrations in the runofie Tinear relationship between
effluent conductivity and chloride concentratiorsf®own in Eq. (5-6). Furthermore,
Egs. (5-7)—(5-9) show regression equations for amaanitrogen. It can be seen that

ammonia-nitrogen removal was influenced by high cahcentrations.
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nitrogen (NH-N, mg/l), and outflow dissolved (DO, mg/l), temptmre (°C), pH
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map model.

Conductivity = 3.94 x chloride + 229.5

R?=0.30 and p < 0.01

Ammonia-nitrogen = 0.05 x chloride — 1.2,

R?=0.20 and p < 0.01

Ammonia-nitrogen = 0.003 x conductivity — 0.13,
R?=0.15and p < 0.01

Ammonia-nitrogen = 0.03 x chloride + 0.0005 x coctiltity

R?=0.20 and p < 0.01 (chloride and conductivity)
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Chapanova et al. (2007) demonstrated that ammameaecsion is sensitive
to the salinity of the wastewater to be treatederafdding salinity to the input
wastewater, ammonia degradation was markedly redudewever, Dincer and
Kargi (1999) showed that salt concentrations of 4P8éulted in significant
reductions in both nitrification and denitrificatio In contrast, the outflow
temperature is negatively correlated (R = -0.689%hwhe ammonia-nitrogen
concentration, suggesting that temperature hadsé#iym effect on the ammonia-
nitrogen removal. The elevated water temperature @ashance volatilisation of
nitrate. Relatively high temperatures (>12.9 °Q better for both nitrification and
denitrification, compared to temperatures <12.94US EPA, 2000). Chapanova et al.
(2007) reported that at 5 °C the ammonia-nitrogenaval rate was on average three
to five times lower than at temperatures betweenad 25 °C. Nitrification is
greatly affected by temperature; nitrification satere slow in cold compared to
warm climates (Chapanova et al., 2007; Vymazal 7200

No obvious correlation (R = - 0.07) between pH amimonia- nitrogen
could be identified (Figure 5-18). Most outflow ptdlues were between 7.0 and 8.0
at temperatures <17.6 °C. Ammonia-nitrogen coneéiotrs did not reduce at this
pH range. Ammonia-nitrogen may be found in the omed form (NH) or ionized
form (NH4") depending on water temperature and pH. The iahiloem is
predominant in wetlands; e.g. at pH 7.0 and 25tP€, percentage of unionized
ammonia is approximately 0.6% (US EPA, 2000). Isvaéso reported that at high
pH between 8.0 and 8.5, the proportion of ammonightrincrease to between 20

and 25% at 20 °C, if surface turbulence is high doewind action.
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Table 5-7. Correlation coefficients and correspogdd values (in brackets) related

to correlation analysis comprising input (colummdtiegs) and target (row headings).

Variables Dissolved Temperature pH Chloride Conductivity
oxygen (°C) (dimension  (mg/l) (nS/cm)
(mall) less)
Ammonia-nitrogen 0.118 -0.689 -0.07 0.348 0.424
(mall) (0.256) (<0.01) (0.343) (<0.01) (<0.01)
Molybdate reactive  -0.275 -0.422 0.093 0.513 0.435
phosphorus (mg/l)  (<0.01) (<0.01) (0.231) (<0.01) (<0.01)

Significant losses of nitrogen may occur in opertewareas via ammonia gas (§H
volatilization (US EPA, 2000; Camargo Valero andr&]&007).

Many papers (Schaafsma et al., 1999; US EPA, 2800rvee et al., 2007,
lamchaturapatr et al., 2007) indicate that DO siggutly influences the removal
rate of ammonia-nitrogen in constructed wetlandtesys. However, the DO
concentrations had no obvious impact on ammonragen removal in ICW based
on the visualization of the relationship betweetflow ammonia-nitrogen and DO
(R = 0.11). Therefore, it can be seen that ammoitiagen removal was largely
influenced by salt concentrations and temperatiline.variables pH and DO seemed
to be of less importance.

Phosphorus

The visualisation of relationships between the lowtfMRP concentrations
and other water quality parameters of the SOM mdshown in Figure 5-18. High
outflow MRP concentrations (>1.39 mg/L) are linkechigh chloride concentrations
(>40.3 mg/L) and high conductivity values (>338 ¢18). MRP removal was largely
influenced by the DO and salt concentrations, amtetated comparatively weakly

with temperature and pH.
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Chloride (R = 0.51) and conductivity (R = 0.435)reveorrelated positively
with MRP, indicating that elevated salt concentmasi had a negative impact on
MRP removal. With increasing salt concentratiohg, phosphorus removal rates of
the tested ICW systems decreased. This was probbhbbause phosphate-
accumulating microorganisms were sensitive to ggli(Scholz, 2006). The salt
accumulation in phosphate-accumulating microorganiglls might have caused a
significant increase in osmotic pressure in cadisutting in decreased phosphorus
removal. Diminished phosphate accumulation capaslisubsequently result in
reduced removal efficiencies as discussed prewobsgl Carucci et al. (1997);

Panswad and Anan, (1999); Wang et al., (2007).
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Figure 5-19. Abstract visualisation of the relasibips between outflow molybdate
reactive phosphorus (MRP, mg/l), and outflow digsdl (DO, mg/l), temperature
(°C), pH (dimensionless), chloride (mg/l) and coctoiity (uS/cm) using a self-
organising map model.
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In contrast, DO is negatively correlated (R = -0.2&@h MRP indicating that
high DO concentrations had positive effects on MBRoval. Dissolved oxygen is
an important variable influencing phosphorus rerhavédCW. Studies by Girija et al.
(2007) revealed that the phosphorus concentratlenseased from 6.0 to 0.1 mg/l as
DO concentrations increased from 0.1 to 8.6 mgiwIDO concentrations can cause
the release of phosphorus from sediment, causingagase in MRP (Golterman,
1995; Maine et al., 2007). Furthermore, Wang e(2407) reported that phosphorus
concentrations between 0.22 and 1.79 mg/l withimoéogical reactor effluent could
be obtained when the corresponding influent phospghaoncentration ranged
between 15 and 20 mg/l. The DO was controlled @t3).2 mg/l during the aerobic
phase and pH was maintained at 7.0 = 0.1. Phospmenuoval of 90% was achieved
in the reactor.

Phosphorus might precipitate as calcium phosphate precipitate with iron
colloids or with calcium carbonate (Golterman, 1990r example, the US EPA
(2000) reported that phosphorus might precipitadecalcium phosphate within
sediment pore water or in the water column neaveaghytoplankton growth at pH
values >7.0. Furthermore, as pH decreases, MRRi@orp carbonates decreases
while adsorption to iron increases (Golterman, }9g®ncerning the ICW 3, 9 and
11 study, the correlation (R = 0.10) between pH siiRP was weak, indicating that
a high pH had a small positive influence on MRP aeah. Since overall pH values
were comparatively low (Figure 5-19), the influerafepH on MRP removal was
weak. However, the chemical composition of the ¢htEW systems and their

effluents is complex.
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Pietro et al. (2006) observed that phosphorus raimeas weakly correlated
with water temperature in a freshwater marsh latatehe Southern Florida, USA.
In comparison, high MRP concentrations in ICW arssogiated with low
temperatures (R = -0.42). However, the influencteofperature was lower for MRP
removal than for ammonia-nitrogen removal. In additto the factors described
above, nutrients especially nitrogen, are also rx&wo biologically through
microorganisms present in wetland systems. The oblenicrobes in removing

nitrogen is discussed in Chapter 7.

5.6.4. Correlation analysis

The Shapiro-Wilk Normality Test was used to detemnwhether or not a
data set was normally distributed (Shapiro and WiB65). If the raw data set did
not follow a normal distribution data were transi@d using a simple log
transformation method (Eg. (5-10)).

x(new =log(x 9; alOR (/)1
where
x(new, pre-processed data; andraw data.
The data sets for ammonia-nitrogex@), MRP 6=0.5), SS é=0) and BOR (a=0)
were transformed using this method (fmr see Equation 5-10). Raw COD data,
which had a normal distribution, and transformedramia-nitrogen, MRP, SS and
BODs data were used in the subsequent analyses. The i18@dé¢l was applied to

identify the relationships between the transfornmgait data set.
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High log (ammonia-nitrogen) values (>-0.84) werkéd to high log (MRP +
0.5) (see Equation 5-10a=0.5) values (>0.07), indicating that ICW outflow
ammonia-nitrogen concentrations were positively redated with MRP
concentrations. The relationships between log (ami@nitrogen) and the other
three variables were weak. High log (MRP + 0.5)ueal (>0.07) were associated
with high log (ammonia-nitrogen) values (>-0.84gMhCOD values (>56.6) and low
log (SS) values (<0.88), indicating that ICW oudldMRP concentrations were
positively correlated with ammonia-nitrogen and C@ihcentrations, but negatively
correlated with SS concentrations. In contrast,MiRP concentrations did not show
obvious relationships with BOJxxoncentrations. High log (SS) values (>0.88) were
positively correalted to high log (BOD) values (&8), indicating that ICW outflow
SS concentrations were positively related to BOBcentrations. However there was
no significant correlation between log (SS) valwesl COD values. Chemical
oxygen demand values were positively correlateth Vaig (BOD) values, indicating
that ICW outflow COD concentrations were linkedB©D concentrations.

Table 5-8 summarises the results from a correlatioalysis for the input
variables. The mathematical relationships betwdleragables were relatively weak.
However, the relationships between SS and B@DBd between MRP and COD were
reasonably strong after data transformation. Unttke SOM model, the missing
values of each pair were disregarded in this arsaly@ndings were in agreement
with the key relationships revealed by the SOM. Toerelations between log
(ammonia-nitrogen) values and log (MRP + 0.5) valueg (MRP + 0.5) values and

log (SS) values, log (MRP + 0.5) values and COlues] log (SS) and log (BOD)
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Table 5-8. Correlation analysis showing the cotiretacoefficientR for the input

ICW11 dataset.

First variable Second variable Pairs R P

Log (ammonia-nitrogen) Log (MRP+0.5) 140 0.35 <000
Log (ammonia-nitrogen) Log (SS) 67 -0.02 0.86
Log (ammonia-nitrogen) COD 86 0.14 0.21
Log (ammonia-nitrogen) Log (BOD) 57 0.19 0.16
Log (MRP+0.5) Log (SS) 68 -0.29 0.02
Log (MRP+0.5) COD 85 0.42 <0.0001
Log (MRP+0.5) Log (BOD) 57 0.08 0.54
Log (SS) COD 59 0.02 0.89
Log (SS) Log (BOD) 41 0.41 0.01
coD Log (BOD) 54 0.31 0.02

MRP, soluble reactive phosphate; SS, suspendaiss@OD, chemical oxygen demand; BOD, biochemical
oxygen demand.

values, and COD values and log (BOD) values, wegdistically significant

(P<0.05).

5.6.5. Statistical models

Design methodologies for wetlands treating wastergahave assumed that
plug flow conditions and first order degradatioe\ails in these systems. However,
Kadlec (2000) reported that the first-order modaie simple to use, but fail to
characterise the complex processes that occur tlawegesystems. Statistical models
present an alternative to the first-order modek $tatistical models presented below
are a simple way to explain wetland parameters.aghend easily measurable

variables such as DO, T, pH and EC were used &rmate and expensive and time
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consuming water quality variables such as nutriemtd BOLQ with the aid of
multivariate linear regression models. Statisticeddels for ammonia-N reduction
can be an alternative to first-order models. Theselels are capable of predicting
reduction rate, as well as explaining factors ingoatr for reduction. Braskerud
(2002), also presented statistical models. Multiptression analysis was carried out,
including influent water quality variables such asmonia-N concentrations,
temperature, conductivity, pH and DO. Subsequenilyfluent ammonia-N
concentrations, conductivity and temperature wehlecsed as the optimal regressors.
Statistical models for ICWs 3, 9 and 11 are presgbitt Table 5-9. As shown
in this table, ammonia-N concentrations decreasdth wncreasing influent
conductivity. This may be attributed to an undddgaeffect of salt on the
microorganisms. Such a salt inhibition effect onrieat removal has been reported
in previous studies as discussed above. The matiglshow that effluent ammonia-

N concentrations are likely to decrease under tegiperature conditions.

Table 5-9. Statistical models for ammonia-nitrogeductions

ICW Regression equatidn R’
3 Ce = 11.79 -0.014Ci - 0.002T - 0.61EC 0.15
9 Ce = 1.7 + 9.22*16Ci - 0.10T - 0.02 EC 0.16
11 Ce =2.60 + 1.77*1{Li -0.16T - 3.12*10EC 0.29

2Ce = effluent ammonia-N concentration, Ci = influammonia-N concentration,
T= influent wastewater temperature. EC = infludattical conductivity
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Uygur and Kargi (2004) found that ammonia-N remaeféiciency decreased
from 96 % to 39 % when salt content increased sequencing batch reactor. Tseng
and Wu (2004) also reported that in a submergefiltbioexperiment, the ammonia
removal rates were positively affected by tempeeatand influent ammonia
concentration. Although the models presented absivew some relationships
between various parameters, thevRlues are low, indicating that the models are
weak. Also, nitrogen processing in treatment welaris very intricate and
encompasses various physical, chemical and bi@bgxocesses in different

compartments.

5.7. Pathogen removal

Animals are a source of pathogenic organisms tegmted constructed
wetlands. The faeces of farm animals contain higimlmer of bacteria. For example,
cows produce 10~ 10 faecal coliforms per gram. Wetland birds also donte
coliforms to the wetland environment. Treatmentlarets have a potential to reduce
high numbers of incoming total coliforms (KadlecdaWallace, 2009). The net
removal of pathogenic organisms is by various pees including solar disinfection,
predation, settling and filtration. For monitoripgrposes, indicator organisms like
total coliforms andescherichia coliare frequently used.

The concentrations of total coliforms aidcoli in the three integrated
constructed wetlands are presented in Table 5-1@raye concentrations of total
coliforms in the influent for ICW 3, ICW 9 and ICWL were 1.3 x 19 1.5 x 16
and 9 x 1®cfu/100ml respectively. Total coliforms were reduidgy an average of

99.6%, 99.8% and 99.4% for the three ICW systemspeetively. The
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average removal of the indicators analysed (tataforms andE. coli) were in the
range 99.93-99.99%, showing a very high efficiemdythe ICW systems for
removing pathogens.

Logip removals of indicator bacteria (total coliforms)y kintegrated
constructed wetlands in the current study are bttt those reported previously for
treatment of dairy water by constructed wetlanéhtebogy at Tucson, Arizona, USA
(Karpiscak et al., 1999). The removal®f coli. in ICW was better than a reed bed
system treating wastewater produced from a resoteél hin Florence, ltaly, as

reported by Masi et al., 2007. In the current stushymparison between the three

integrated constructed wetland systems revealddrelifces in the overall levels of

removal.

Table 5-10. Reduction of pathogenic organisms (mestandard deviation) in

various free water surface (FWS) wetlands.

System

Inlet

(CFU/100mI)

Outlet

(CFU/100ml)

Reduction Reference

(log10)

Total Coliforms

ICW 3 13x10+96x10 44x16+56x13 1.98 This study

ICW 9 15x16+7.7x14 174+86 1.99 This study

ICW 11 9.0x16+9.6x16  56x16+85x1  1.99 This study

Tucson, Arizona 0.66 x 16+1.2x10 14x16+29x16 1.89 Karpiscak et al.
(1999)

Escherichia coli

ICW 3 1.7x16+1.7x16 93 +66 1.99 This study

ICW 9 76x10+1.1x16 52+50 1.99 This study

ICW 11 7.3 x16+9.1 x10 27 +29 1.99 This study

Florence, ltaly 3.4 x10 1.8 x1G 1.99 Masi et al. (2007)
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5.8. Reuse

The arrangement of multiple treatment environmentthin constructed
wetlands can provide water quality appropriate rewse.The treated water from
ICW may discharge into surface water or groundwaltemay also be used for
various applications such as agricultural, flushimeyns and, environmental and
recreational uses. Greenway (2005) reported thegtaacted-wetland technology is a
viable option not only reduces nutrients but itfpans the function of disinfection,
rendering the treated wastewater a resource @ataicrops, playing fields, parks
and gardens, or golf courses.

House et al. (1999) successfully combined constduetetlands and aquatic
and soil filters for reclamation and reuse of wdiartoilet flushing, landscape
irrigation and aesthetic water features. If thetied water is used for agricultural
irrigation of non-food crops then treatment andeawajuality requirements are less
stringent because of the reduced opportunity of druraxposure to the water as
outlined by US EPA (2004). The reclaimed water iyand treatment requirements
for irrigation of non-food crops are shown in thable 5-11. The treated water can
also be used for environmental and recreationabu3ée various types of
application include development and restoratiorexisting wetlands, groundwater
recharge, stream flow augmentation, lakes and powdsen water is reused for
environmental purposes in addition to protectingliguhealth, care is required for to
protect ecosystems (Asano, 2007). According tantleobiological criteria outlined
in the Irish Bathing Water Quality Regulations 20@8and waters are designated

excellent if there are less than 5B0coli. per 100 ml and 200 intestinal enterococci
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Table 5-11. Reclaimed water quality and treatmewguirements for irrigation of
non-food crops. (adapted from USEPA, 2004).

Parameter/State Arizona California Nevada Washmgto
Treatment Secondary S_e_condary, Secondary treatment Oxidized and
treatment and oxidized and I . .
- X . and disinfection disinfected
disinfection disinfected
BOD NS NS 30 mgl/l 30 mg/l
TSS NS NS NS 30 mg/l
Turbidity NS NS NS 2 NTU (avg)
_ 5 NTU (max
Coliform Fecal Total Fecal Total
200/100 ml 23/100 ml 200/100 ml 23/100 ml
(avg) (avg) (avg) (avg)
800/100 ml 23/100 ml 400/100 ml 240/100 ml
(max (max (max (max

NS — Not specified by state regulations
Oxidised means the wastewater is treated with ladiical process

per 100 ml based on a "©5percentile evaluation _(http://www.environ.ie/en/

Legislation/ Environment). Currently in Ireland there are nadglines for water
reuse. The treated wastewater from ICW fulfils Wiadian regulations for reuse for
the indicator pathogeR. coli (80 percentile equal to 50 cfu/100 ml and maximum
admitted value equal to 200 cfu/100 ml). The efflueater from the ICW is also of
a quality that can be reused for irrigation of rioad crops after disinfection and for

restricted recreational reuse.

5.9. ICW Water balance
Observations for ICW site 11

Mean monthly inflows and outflows from the ICW sgst during the
monitoring period (2003—-2007) were 180 + 217.8/month and 45 + 132.3
m>*/month, respectively (Figure 5-20). Although infldw the ICW system occurred

between August and December, there was no corrdsgpoutflow during most
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Figure 5-20. Mean monthly inflow rates into theemguated constructed wetland
(ICW 11).

of these months indicating that there was limitadclohrge to the receiving
watercourse.

The flows through the wetlands decreased duringnsemmand there was no
discharge from the ICW system to the receiving veatgrse. Flow monitoring
indicates that approximately 25% of the influertbithe ICW system is subsequently
discharged at the outlet as effluent. Based on #od weather monitoring data, the
sources of inflow and outflow are summarised inuFég5-21. During dry periods,
increased storage capacity was created within @ Icells due to losses via
evapotranspiration and infiltration. These procespeovided additional storage

capacity for runoff within the ICW system duringish events.
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The intermittent nature of the outflow and the gieas of partially treated
runoff to the ground have a great impact on catmgaand interpreting treatment
performances. Consequently it is very difficultdocurately determine constituent
masses. Therefore, calculations such as removdbrpences are based on
constituent concentrations. Moreover, the lackuflow data during drier compared
to wetter periods is likely to result in less aatarinterpretations for summer than
winter data.

The microbial transformations within the wetlandgtgyns are a function of
the available area for biofilm growth. In ICW sysi® the dense vegetation stands
and the associated litter provide a large surfaea #or biofilm biomass and hence
enhanced treatment capability. The biofilm entriagiy organic and inorganic solids.
The formation of biomass is greatest at the inlehe wetland cell where the organic
loading is highest (Ragusa et al., 2004; Scholf620and decreases progressively
through the system. The biofilm not only reduces plollutant concentrations but

also decreases the hydraulic conductivity by retyithhe pore volume.

a) Inflow b) Outflow
Extraneous Discharge Evalpot.r ans-
15% to surface By
25% %
o Discharge
Precipitation to sub-

Farmyard
25%

60%

surface
50%

Figure 5-21.Composition of integrated constructedland inflow and outflow.
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In addition to biofilm formation, organic mattercahumic substances, which
develop rapidly within wetland soils, increase thailability of carbon supporting
denitrification and the biological feedback meclsams that secure water retention.
These processes result in flow impedance, and qubady self-sealing of the ICW
cell. This leads to a progressive contaminant redoiovithin the discharge to the

groundwater.

5.10.Surface water quality

5.10.1. Receiving stream water quality

In order to evaluate the effects of ICW on the emsded receiving waters,
grab samples were taken during an intensive camgaignonitor the surface water
quality of the receiving water courses associatid MW 3 and ICW 11.

Integrated constructed wetland 3

The construction and commissioning of the ICW gysteled to the
transformation of a non-point-source to an idealife point source of potentially
polluted water (i.e. if treatment is insufficienfresently, there are no discharge
standards for the final effluent in Ireland.

The final effluent of the ICW 3 is discharged irdosmall tributary of the
associated stream (Figure 5-22) through the otrtben cell 5. The small tributary
meets the Annestown stream. The ICW is flankedhieyAnnestown stream and its
tributary as shown in the figure below. At the tligige point, mean outlet ammonia-
nitrogen concentrations were 0.172 + 0.077 mg/lilavhitrate-nitrogen and MRP

concentrations were 0.096 + 0.272 mg/l and 4.4Q9039 mg/l, respectively.
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Figure 5-22. Surface water and groundwater momigpisediment collection, inlet

and outlet points for ICW 3.

The nutrient concentrations of the Annestown streaonitoring points
designated as U/S in Figure 5-23 were very stable ammonia-nitrogen and
molybdate reactive phosphorus concentrations apthets preceding the point of
confluence between the outlet of the final celh8l ¢he receiving tributary were less
than ICW effluent concentrations. However, nitrateegen concentrations of the
upstream points were higher than the ICW outleteatrations. Further downstream
where the ICW outlet tributary meets the Annest@ineam, the measured nutrient
concentrations decrease indicating that the strieasnenough assimilative capacity
to buffer the ICW outflow concentrations. Overdlhe points monitored on the
Annestown stream had a median ammonia-nitrogen erdration of 0.047 mgll,
nitrate-nitrogen concentration of 4.234 mg/l and RMBoncentration of 0.028 mg/I.
Phosphorus, which is a limiting nutrient, is in q@drance with the Irish Phosphorus
Regulations (1998). The key nutrient indicator liigh rivers is MRP, which should

have an annual median concentration <0.03 mg/I.

124



—o—NH.N
3.9 1 —o0—MRP
3 3 | —— NO3-N

2.4 1 ICW discharge
18 point

Nutrient concentration (mg/l)

[N
N
w
IN
al
o
~
©
©
5

uis 10T DIS
Surface water monitoring points

Figure 5-23. Fluctuations of nutrient concentragionithin the stream and river
adjacent to ICW 3. N®N, nitrate-nitrogen; MRP, molybdate reactive phHusps;
NH4-N, ammonia-nitrogen; U/S upstream; 10T integrateshstructed wetland

outflow tributary; D/S downstream.

Integrated constructed wetland 11

The final effluent of the ICW is discharged intemall stream (Figure 5-23)
through the outlet from cell 4. At the dischargenpomean ammonia-nitrogen
concentrations were 0.37 = 0.562 mg/l, while meatnate-nitrogen and MRP
concentrations were 0.99 + 1.812 mg/l and 0.94628 mg/|, respectively.

Most nitrate-nitrogen concentrations at the poihtanfluence between the
outlet of the final ICW cell 4 and the receivingestm and downstream of this point
are lower than at the upstream sampling pointsuf€igh-23 and 5-24). Further
down-stream, some measured nutrient concentratieasease indicating that the
stream has sufficient assimilative capacity to éuffthe ICW outflow

concentrations(Figure 5-25).
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Figure 5-24. Surface water and groundwater momigpisediment collection, inlet
and outlet points for ICW 11.

The exception is sampling point 14 due to the presef a field drain discharging
water rich in nutrients and the narrowing of theeat at that point However, the
trend reversed further down-stream because figlthslwere absent.

Overall, the monitored stream had a median ammuoiti@agen concentration
of 0.05 mg/I, nitrate-nitrogen concentration of $Img/l and MRP concentration of
0.029 mg. Phosphorus, which is a limiting nutriengmplies with the Irish
Phosphorus Regulations (1998). The key nutrienicatdr for Irish rivers is MRP,
which should have an annual median concentratiod3<x@g/l.

The ICW effluent is variable and predominantly degee on the patterns of
precipitation. Outflows from the system are highdyiable (1.5 + 4.41 fitd), and the
inflow quality and quantity of the ICW system isegominantly a function of
precipitation intensities and patterns. Furthermahere is no outflow from the

system during periods of very low inflows, indiaagi that there is a short
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Figure 5-25. Fluctuations of nutrient concentragionthin the stream adjacent to
ICW 11. NO3-N, nitrate-nitrogen; MRP, molybdateatae phosphorus; NH4-N,

ammonia-nitrogen; U/S upstream; D/S downstream.

discharge period to the receiving stream. Dischdrgen the ICW system during
periods of high precipitation generally occurs dgriperiods when the buffering

capacity of the receiving water is enhanced bynareased dilution ratio.

Annestown stream

Improvement in the Annestown stream water qualityn@ded with the
operation of ICW systems (Table 5-12), which tregproximately 75% of all
farmyard dirty water generated within the watersh&even ICW systems
representing more than 80% of farmyard dischargeewecated upstream of
Ballyphilip bridge and Dunhill village (i.e., apptionately half way along the stream
and midway in the catchment). At the Ballyphilipstigam monitoring point the
mean ammonia-nitrogen concentrations were 0.064080487 mg/l, while nitrate-
nitrogen and MRP concentrations were 4.854 + 1428 0.0326 + 0.0393 mgl/l,

respectively.
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The concentrations of ammonia-nitrogen at Ballyiphilpstream and Castle
were almost identical, 0.0645 + 0.0487 and 0.0646.@481 mg/l, respectively.
However, there was a significant increase in amaoitrogen concentrations to
0.115 £ 0.159 mg/l at Ballyphilip. The increasemsst likely due to the discharges
from ICW treating sewage at Dunhill. This ICW systes overloaded because of the
increase in the number of houses over the pasyé&ans resulting in increased load
to the system. Further downstream, there was rafisgnt increase in ammonia-
nitrogen concentrations to 0.0982 = 0.1140 mg/Mainument which is the last
monitoring station. The increase may be attribwitekhtensive animal farming which
in the lower part of catchment.

The mean MRP concentration at Ballyphilip upstreaene 0.0326 + 0.0393
mg/l. The concentration increased to 0.052 + 0.1 at Ballyphilip downstream
which may be due to discharges from an ICW systemating sewage. The
discharges from this ICW system enter the streastreg@m of the monitoring point.
MRP concentrations at Ballyphilip downstream andnMiment are almost the same:
however the concentrations at Castle are higheis ifitrease is not statistically
significant. The water quality of the Annestownestm complied with the target
phosphorus concentration of a median annual coratéot <0.03 mg MRP/I as
required by the Irish Phosphorus Regulations (19%8)wever, the stream’s
monitoring sites located downstream of Ballyphitipdge and Dunhill village did
not comply with this regulation. This lower sectiofh the stream is affected by
nutrients originating from intensive animal farmiagd discharges from the Dunhill
village sewage works. Furthermore, less than 70%amhyard runoff in this lower

section of the stream is intercepted by ICW. Ttwdgjical water quality status of the
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stream has improved from an overall water quabtyng of Q2 (seriously polluted)
in 1999 to a water quality rating of Q3/4 (slighthplluted) in 2001 (EPA 2002).
Further evidence suggests that the water qualiipgéas since improved to Q4
(unpolluted). Sea trout (Salmon trutta) have regdriio the stream after many
decades of absence. The common newt (Triturus Ng)gaas become abundant in
all ICW of the catchment. Although invertebrate nboring within the catchment is

ongoing, preliminary results indicate great ecataghabitat enhancement.

Table 5-12. Mean concentrations + standard dewviat{@001-2008) for nutrients in

Annestown stream .

Bally Phillip Bally Phillip

Upstream Downstream Castle Monument

Nutrients

NH4-N 0.064 +0.049* 0.115+0.159** 0.064 +0.048* 0.098 +0.114**
NOs-N 4.85+1.43* 4.75+1.28* 5.19 + 1.30** 4.55 +1.76*
MRP 0.033+0.039* 0.052+0.153* 0.097 +0.430* 0.050+0.113*

Means followed by the same symbols are not stedilbyi significantly different§ < 0.05)

5.11. Groundwater quality

The contamination of groundwater by infiltratiorrabgh ICW substrate is a
key concern. The ICW sites were constructed ugingitu soils. The subsoil was
reworked and used to line the bed and banks otellk to reduce the risk of
infiltration. As the contaminated farmyard runo#gses through the ICW system, the

suspended matter settles on the soil surface amskgquently hinders infiltration of

129



contaminants through the wetland cells (Kadlec Emight, 1996; Scholz, 2006;
Wallace and Knight, 2006).

At ICW 3, the mean ammonia-nitrogen concentratiérth@ groundwater
monitoring well located up-gradient was 35.95 mghich indicates a high value.
Chloride can serve as a tracer of water movemeadl@g¢ and Wallace, 2009).
Chloride concentrations in this well were stabled afid not increase over the
monitoring period. This confirms that pollution ihe well does not originate from
the ICW system. The mean nitrate-nitrogen and M&Mentrations in the well were
0.53 mg/l and 0.14 mg/l, respectively (Table 5-1B)e mean ammonia-nitrogen
concentration for the well located between theastrand the ICW cell wak5.83
mg/l, which is less than in the well located upeigat. The ammonia-nitrogen
concentration for the well located between ICW<salhs 6.50 mg/l, which is lower
than the other wells located up-gradient and betvilee ICW cell and stream. Hence
ammonia-nitrogen from the ICW is not impacting negdy on groundwater. MRP
concentrations determined down-gradient were belosv detection limit of 0.02
mg/l. Mean nitrate-nitrogen concentrations we&30ng/I for the well up gradient
and the one located between the stream and IC\Wdalke the well located between
cells had a slightly higher mean concentration 0570 mg/l. The nitrate
concentrations were all below internationally reocoemded thresholds of
approximately 25 mg/I nitrate.

At ICW 11, the mean ammonia-nitrogen concentratbrihe groundwater
monitoring well located up-gradient was 0.79 mgfhjch indicates pollution but not
originating from the ICW system. The mean nitratiérogen and MRP

concentrations were 0.02 mg/l and 0.12 mg/l, reppey (Table 5-13). The mean
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ammonia-nitrogen concentration for the down-graiveell was 0.50 mg/l, which is
less in comparison to the other wells located wgignt and between ICW cells.
MRP concentrations in the down-gradient well westkoty the detection limit of 0.02
mg/l. Thus ammonia-nitrogen from the ICW is not aufing negatively on
groundwater.

This finding is confirmed by an assessment of theient data for the two
wells between cells 3 and 4. The wells located betwthe ICW cells have a
relatively high ammonia-nitrogen concentration heseatheir sampling points are
most influenced by the proximity of the cell seditse which are rich in ammonia-
nitrogen. The nitrate concentrations are also wbklow internationally
recommended thresholds of approximately 25 mg/atat

Generally, the presence of high phosphate condemtsain groundwater is
an indication of a shallow subsoil depth and thespnce of preferential flow paths
through the subsoil. However, in this case, whemer@imately 50% of the ICW
water discharges to groundwater, the mean nitrittegen and MRP concentrations
in all the down-gradient monitoring wells were <®.thg/l indicating that the
groundwater in the vicinity of the ICW system ig polluted by infiltration from the
ICW cells. The soil investigation results at thedi of installation of the ground
water monitoring wells indicated the presence af/¢h the substratum of the ICW:
clay over rock at 4.2 m for monitoring well 1; clayer gravel at 1.7 m, and clay
over rock at 4.3 m for monitoring well 2; clay owgravel at 4.3 m, and clay over
rock at 4.7 m for monitoring well 3; clay over roak 2.5 m for monitoring well 4.

Furthermore, the observation of hydrogel formedttuma detritus confirms the low.
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Table 5-13. Mean nutrient concentrations in groustg@gwmonitoring well samples

between 2004 and 2008 (number of samples 30)

Monitorin Position
el 9 relative Depth NH-N NOs-N MRP
number to the (m) (mgl/l) (mall) (mgll)
stream/ICW
ICW site 3
1 Up-gradient 5 35.95 0.53 0.14
2 Within ICW 5 15.83 0.53 <0.02
3 Within ICW 3 6.50 0.57 <0.02
ICW site 11
1 Up-gradient 5 0.86 0.14 0.12
2 Within ICW 3 2.74 0.17 0.03
3 Within ICW 5 2.53 0.19 <0.02
4 Downgradient 5 0.48 0.09 <0.02

NH,;-N, Ammonia- nitrogen; N@N, Nitrate-nitrogen; MRP, Molybdate reactive phlaspus

mobility of nutrients in subsoil, and shows the ortant role that the subsoil plays in

attenuating pollutants.

Moreover, there are many biogeochemical processdptay essential roles

in impeding the infiltration of pollutants to grodwater. For example, the ICW

vegetation provides a large surface area to suppierobial biofilms (Wallace and

Knight, 2006). Detritus provides a carbon sourcentorobes for denitrification and

assists in the long-term sequestration of phosgh@allace and Knight, 2006). The

study of characterisation of nitrogen removing bkaet in components of ICW

systems (Chapter 7) clearly indicates the presefigarious ammonia-oxidising and

denitrifying bacteria that play an important roke iemoving nutrients. The
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production of methane during anaerobic metabolisimbits the loss of water
through capillary-pore structures (Kellner et &02; Tokida et al. 2005).

Nutrient removal occurred in virtually all cells €W 11 (Table 5-14).
Nutrient enrichment of groundwater beneath the IGy8tem is of great concern
because high concentrations may have a directteffesensitive receptors (EPA,
2002). The transportation and attenuation of palitg in ICW cells predominantly
depend on wetland soil, physical impedance and nyidg geological formations;
e.g. attenuation of ammonia during migration in subsurface is known to occur
(Erskine, 2000). The key processes are sorptiotiofca&xchange) and biological
degradation (Buss et al. 2004). In wetland peathame bubbles originating from
microbial anaerobic processes lower the hydrawrdactivity (Kellner et al.2004).
The biofilm matrix formed on detritus acts like ydhogel, which withstands changes

in fluid shear stresses (Harrison et al., 2005).

Table 5-14. Comparison of cell-by-cell mean nutri@ncentration reductions (%)
for ICW 11.

Variable Unit Cell 1 Cell 2 Cell 3 Cell 4

Ammonia-nitrogen (mg/l) 73.30 15.20 3.37 6.16

Molybdate reactive

phosphorus (mgfl) 73.60 2.64 -2.13 12.80

5.12. Limitations of the analysis

ICW are always different from each other and hetimye was no true
replication in this study. The seasonal effectsvater quality improvement were

tested by analysis of variance (ANOVA) for ICW 14ly The data were tested for
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normality, and transformed to meet normality if @egary and the analysis did not
violate the assumptions of ANOVA. However, experntad error has been reduced
due to an assessment of potential outliers andsanipling where required. The
limitations associated with the statistical anaysuggest that the outcomes of a
particular case study presented may only be validtiie specific ICW system
assessed and very similar systems.

The ICW systems studied are semi-natural and opensidering that flow
rates are therefore partly unknown and that flowrestions would result in very
inaccurate constituent mass estimations, the dispfaconstituent concentrations
was chosen instead. This is common practice far éegjineered and rather natural
systems.

It has to be emphasised that ICW are not fully eegied treatment wetlands
where the inflow and outflow rates are known, arftere losses to groundwater are
zero. Moreover, ICW are purely driven by hydroldge. storm events) and not by
rather constant inflow rates, which are commorctorstructed wetlands treating, for

example, domestic wastewater.

5.13. Summary

This chapter has demonstrated that integrated cootsd wetlands
outperformed other types of wetland systems in seahnutrient removal. lthe
integrated constructed wetland (ICW) systems studilecontaminant concentrations
present in farmyard runoff decreased as followsV13, NH;-N (89.1%), MRP
(86.7%); ICW 9, NH-N (97.1%), MRP (91.2%), and ICW 11, MM (98.8 %),

MRP (88.3%).The ICWs act as a sink for nutrientstttfiermore, the biochemical
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oxygen demand, chemical oxygen demand, suspentldd, 2otal coliforms andt.
coli values were also reduced within the ICW system.

The long-term assessment demonstrates that thepéxd@W systems can
be considered an effective and sustainable wastewaatment option for farmyard
runoff rich in nutrients. The ICW systems had nefitpolluted the groundwater nor

decreased the water quality of the receiving watanse.
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Chapter 6 Role of plants and sediment

6.1. Introduction

This chapter investigates the role of plants andinsent in removing
nutrients from water being treated in ICW. Theusture of this chapter is as
follows: Sections 6.2, 6.3 and 6.4 review the inigpace of plants and sediment and
their role in removing nutrients from constructe@tlands. Section 6.5 onwards
presents the findings of a study conducted in ICWtd assess the role @fpha

latifolia and sediment in nutrient accumulation.

6.2. Plants and sediment in wetlands

The plants and sediment in wetlands have many itapofunctions. In addition
to water quality improvement, plants also have aasi physical and ecological
functions. The physical functions comprise traregpan, particulate trapping and
flow impedance, while the ecological functions ud# human use values and
wildlife habitat (Kadlec and Wallace, 2009). Soaidhe main effects of vegetation
on water treatment in wetlands are as follows:

« Plants follow their life cycle and hence store mautts during growth periods

and release nutrients during senescence and pefiaiis-back.

* Plants also influence the oxygen supply to the water instance, emergent

vegetation blocks the wind and hence lowers reaeraif water through

movement.
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Figure 6-1. Dense stands of emergent vegetationtégrated constructed wetlands

(Glyceria maximandCarex riparig).

* The litter from decaying macrophytes provides coesble surface area for
the attachment of biofilms.
* Plant litter has a high carbon content and fullis energy requirements of
denitrifiers.
Vegetation is an essential component of a CW (ligbtl) and increases the
efficiency of contaminant removal. In free watenfaoe constructed wetlands,
vegetation influences the treatment mechanismeedtices water column mixing,
hence increasing sedimentation, and also providesace area for biofilm
attachment (US EPA, 2000; Wallace and Knight, 208&yathanasis et al. (2003)
reported higher BOD and suspended solids removplainted systems compared to
unplanted systems. Moreover, the vegetation isgtsystems requires nutrients for
growth and wetland plants utilise nitrogen and phosus for their growth and
reproduction. In this way a portion of nutrientstie water column is transferred to
plants, contributing to water quality improvementy breducing nutrient

concentrations of the wastewater flowing throughletland system.
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Important plant terminology (defined by Muelemarakt 2002) is as follows:
phytomass refers to all living plus dead vegetativaterial, biomass refers to all
living vegetative material while necromass refeysatl dead vegetative material.
Tanner (2001) summarised the role of plants asysta® engineers in his paper
entitled “Plants as ecosystem engineers in sulbseHsffaw treatment wetlands”.

Plants mainly influence treatment performance byascing the main
nutrient transformation processes (e.g. nitrifmatiand denitrification) by two
pathways: root-zone oxygen release and supplyg#roc matter. Moreover, cycling
and build up of plant-derived organic matter pregd sustained supply of organic
carbon for microbes, and also sequester organitalynd nutrients, and acts as a
barrier to nutrient release.

Studies have indicated that improved nutrient reshaxccurs in planted
wetlands compared to unplanted systems (DeBusk.,e1389; Soto et al., 1999;
Tanner et al., 1995; Tanner 2001). However, tlsésgies involved comparatively
immature systems where plant uptake and sedimesatritbn pools still had filling
capacity. Borin and Tocchetto (2007) investigatesl performance of a constructed
surface flow wetland in reducing diffuse N pollutioThey estimated that over a 5-
year period the wetland had a 90% N-removal efficyeand found that most of the
removal was due to plant uptake. Moreover, Gogat al. (2007) found that plant
uptake was significant for overall nutrient remoiwrala well-established constructed

wetland treating agricultural wastewater since 1996
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Case studies of animal wastewater treatment wetldwade shown varying
nutrient removal rates, 45-98% N and 35-96% P, wgmerally higher nutrient
removal in recently established wetlands and theog lower loading rates
(Hammer et al. 1993; Hunt and Poach, 2000; Newnhah €000; Schaafsma et al.,
2000). However, most of the studies were conduetbeén vegetation was still
establishing, so there is a lack of informationaning long-term nutrient storage
within the vegetation pool in constructed wetlaridsere are also concerns about
long-term phosphorus removal as the sorptive capadi wetland soil becomes
saturated over time. Consequently practitionersgulegors, ecological and
environmental engineers, and wetland scientistssaeptical and have concerns
about the long-term performance of these systespeotlly in terms of nutrient

removal.

Phytomass

Aboveground
A

_> .
Litter

Accretion

Water matrix

Decomposition
Leaching

Transfer

Figure 6-2. Transfer of materials and formatiometv soils in the biosphere of

integrated constructed wetlands (after Kadlec, 2005
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However as the wetland ages, creation of new switd sediments occurs
(Figure 6-2). The incoming solids settle and siandtously plant litter decomposes.
Both plant shoots and roots and rhizomes senesdedacay. Some portions of
necromass (above-ground and below-ground) restsatydand form new accretions
that are stable. New sediments comprise the remarier plant stems, leaf debris,
dead roots and rhizomes, and also from undecomfgo$attions of dead algae,
fungi, invertebrates and bacteria. These new stofestrogen and phosphorus are
assumed to be decomposition resistant. The leadiest aspect of nitrogen and
phosphorus transfer in wetlands is these new s{&@ilec and Wallace, 2009). The
amount of accretion in wetlands has been quantifi®dg atmospheric deposition
markers (radioactive cesium or lead) or introdubedizon markers (feldspar or
plaster). The accretion rates and nutrient bural Warious wetlands in North
America are shown in Table 6-1.

Kadlec (2009c) described the development of chaimgesdiment and soils
in a study encompassing three decades of full-sopération of a lake wetland
treating wastewater. He found that long-term stesagf nutrients in the studied
wetland were dominated by the formation and acmmetf the new soils. He
concluded that after a period of approximately arge virtually all of the added
phosphorus was stored in new soils and sedimetis.alm of this study was to
assess the role of planig. (atifolia) and sediment in full-scale integrated constructed
wetlands treating farmyard runoff. The objectiveswia investigate the contribution
of nutrient uptake by emergent macrophyte and enitrstorage in the accumulated
sediments and new accretions in a mature integrededtructed wetland treating

runoff from an animal farm and also to identify fhresence or absence of ammonia-
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oxidising and denitrifying groups of organisms ietland litter and sediments. The
study builds on previous investigation of the tmeamt performance of full-scale
integrated constructeds wetland treating agricaltwastewater (Mustafa et al.,

2009).

Table 6-1. Accretion rates and nutrient burial amious free-water surface wetlands

(adapted from Kadlec and Wallace, 2009).

Water nutrients (mg/l) ) Burial (g/fyr)
Location Method Accrt/etlon Reference
Nitrogen Phosphorus (cmiyr) Nitrogen  Phosphorus
(NH4-N) (TP) 9 P
Louisiana Feldspar 0.05 <0.1 0.14 - 0.36 Rybezyk et al.
2002
Kadlec and
Michigan Lead 210 0.1 <0.1 0.20 - 0.24 Robbins,
1984
Everglades  Cesium 4 0.1-1.0 0.16 11.6 0.06 R(i:crr?;trgggn
WCA2A 137 ’ T ) ' ’ !
1993
Sacramento Notle and
. . Visual 16 >1.0 1.50 44 0.51 Associates,
California
1998
Michigan Resurvey 10 >1.0 1.80 56 13.7 Kadlec, 1997

6.3. Vegetation effects on nutrient cycling
Nitrogen. With regards to nitrogen processing, plants have itwportant effects.
Plants follow a growth cycle that stores and reda@trogen seasonally and they also
assist in the creation of new and stable residaatgeting in wetland systems.
Nitrogen is contained in these residuals as pataif structure, and thus accretion is
a burial process for nitrogen.

Ammonia and nitrate-nitrogen are the two most ingoarforms of nitrogen
that are generally used for assimilation. Ammonpiake is favoured by wetland

plants over nitrate uptake, except for cases inciwhincoming waters have high
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levels of nitrateT. latifolia are very able to utilise either nitrate or ammqiiex et
al., 2002) but there is a seasonal variation. F@mple, Brisson and Chazarenc
(2008) reported that in summe@arex rostrataremoved more ammonium thdn
latifolia, but Typharemover more total nitrogen removal in winter. fBiént plant
species respond differently, for example Zhu arkbi@i (1994) conducted a short-
term study on several SSF gravel wetland microcaamasfound that 70-80% of the
entire nitrate loss was by plant uptake; specieew85% of the nitrate was taken by
bulrush Scripus atrovirens georgianys’/5% by cattail (Typhéatifolia) and 70% by
common reed K. australig. Moreover, in newly constructed wetlands the
development of new vegetation generates a demanatfogen that continues only
during the growth period. For example, Sartorigle{2000) conducted a two-year
study of a 9.9 ha FWS constructed wetland at He@elifornia and reported that as
the plant coverage went from near zero (plantechplkiat 1.2 m spacing) to about
80%, and vegetation density increased by 67%, thex® a decrease in ammonia
load from the wetland from 98 to 15 gNfiyr. Subsequently, they found that plant
uptake was a primary sink for nitrogen. Neverthgléise biomass in wetlands has a
finite capacity to retain nutrients. Kadlec (2009&ported that at the Houghton lake
wetland project, removal of nitrogen was controlleg processes involving
vegetation and associated biota. Approximately, 20f%he added nitrogen was
sequestered in the new, larger standing crops.

Phosphorus. With regards to phosphorus processing plants haweirmnportant
effects: storage and release, and sediment aatrétiants follow a growth cycle in
which phosphorus is stored and released seasoaatlythey also assist in the

creation of new and stable residuals accreting étlamd systems. Phosphorus is
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contained in these residuals as part of their giragc and thus accretion is a burial
process for phosphorus. The biomass compartmengilands has a finite capacity
to retain nutrients but accretion is a sustainpbbeessKadlec (2009b) reported that
at the Houghton lake wetland project, removal obg@horus was controlled by
processes involving vegetation and associated .bigpgroximately, 14% of the

added phosphorus was sequestered in the new, Eegeling crops.

6.4. Role of soil and sediment in nutrient cycling

Soil/sediment is an important matrix in wetlangstems. The soils in
wetlands are termed as hydric, i.e. they are fororeter conditions of saturation or
flooding and are saturated long enough to devet@i@bic conditions in the upper
part of soil (Reddy and DelLaune, 2008). Saturatipflooding conditions promote
anaerobic biogeochemical processes. In wetlandsoras the primary driver for all
the biogeochemical processes. Plants are an inrmpa@tairce of organic matter and
are important in regulating the biogeochemical aredl cycles. Wetland plants have
unique characteristics like physiological, anatomi morphological adaptations
which allow them to adapt to wastewater stressak tanthe oxygen-deficient
conditions of saturated soils. Oxidised forms oériical species dominate the
drained systems while in flooded systems reduceddalominate (Figure 6-3). The
presence of reduced forms indicates anaerobiasoditions and hence can be used
as an indicator of hydric soils. The saturated soihditions support microbial
populations. Aerobic microbial populations are niestd to zones where oxygen is

available while anaerobic microbial populations @di@ anaerobic environments.
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Figure 6-3. Redox forms of chemical compounds datimig in drained and flooded
soils (after Reddy and DeLaune, 2008).

Later part in this chapter the presence of botlolaerand anaerobic nitrogen
removing microbial communities is confirmed in tlsediments of the studied
wetland systems.

Nitrogen. Nitrogen processing by wetlands is complex. Varioiigogen reactions
effectively process inorganic nitrogen through meses Isuch as nitrification,
denitrification, ammonia volatilisation and planptake. In wetlands nitrification
(ammonium oxidation) is restricted to the waterucoh, surface aerobic layer and
the aerobic root zone.The nitrification processhase zones is regulated by two
factors: the fraction of soil volume with oxygendaavailability of ammonium
(Reddy and Patrick, 1994). The supply of oxygethwaerobic soil-water interface
depends on diffusion of oxygen through the wateluom or photosynthetic
production by wetland vegetation (Figure 6-4). Ddfincation occurs in anaerobic
regions of the soil profile. During this procedss bxidation state of nitrate-nitrogen

is reduced from +5 to O, when nitrate-nitrogen aswerted to molecular nitrogen
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Figure 6-4. Dotted rectangles show examples ofrpiatienitrification sites in surface
flow wetlands.
with the transfer of five electrons.

In wetland systems there is exchange of nitrogeeiss (dissolved) between
the soil and water matrices. For instance, nitatfian in the aerobic soil layer is
maintained by ammonium flux from the anaerobic taged denitrification in the
anaerobic soil layer is maintained by nitrate ffuem the aerobic soil layer and
water column. The ammonium flux occurs by advectidiifusion, mixing and
bioturbation at and near the soil-water interfatlee anaerobic soil layer contains
high concentrations of dissolved ammonium and delaloganic nitrogen and this
assists in establishing steep gradients betweensdileand water matrices. The
ammonium flux from the anaerobic zone whereNEbncentration is high to the
aerobic zone where concentration is low is cordblby factors such as the

ammonia concentration gradient, ammonium productd®, soil reduction intensity,

145



Water
<::| N H4 + |:> NHS(g)

NO; <—— ﬁ ﬁ Aerobic soil

N|tr|f|cat|0n
NH,"

s

. NH
NH, ¢ {(—>orgN

Figure 6-5. Schematic showing flux of ammonium frtdme anaerobic soil layer to

the aerobic soil layer and overlying water coluraftgf Reddy and DeLaune, 2008).

temperature, bioturbation and mixing, adsorptiosedption. The ammonium flux
from the anaerobic soil layer to the aerobic smykek and overlying water column is
show in the Figure 6-5.

The nitrate flux form the aerobic soil portiongsverned by the thickness of
the aerobic soil layer, water column depth, mixamgl aeration in the water column,
nitrate concentration and temperature. The aercmd layer contains high
concentrations of nitrate and this assists in éstabg sharp gradients between the
water and soil matrices. The nitrate flux from therobic zone where NO
concentration is high to the anaerobic zone whemcentration is low and the
demand for electron acceptors is high is controblgdfactors such as the nitrate
concentration gradient, nitrification rate, redaati or denitrification rate, and
bioturbation and mixing. The nitrate flux from therobic soil layer to the anaerobic
soil layer and overlying water column and denitafion in the anaerobic soil layer

Is shown in Figure 6-6.
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Figure 6-6. Schematic showing flux of nitrate nigo from the aerobic soil layer to
the anaerobic soil layer and overlying water coluafier Reddy and DelLaune,
2008).

Phosphorus. In wetland soils, phosphorus exists in organic erwiganic forms.
Inorganic phosphorus is found in combination witbn@nium, iron, calcium and
magnesium. In alkaline soils, the availability diggsphorus is determined by the
solubility of calcium compounds in which phosphorsdound. In acid soils, the
aluminium and iron minerals control the solubilifyinorganic phosphorus. With the
passage of time, stable phosphate minerals areetbras a result of continuous
interactions of soluble phosphorus with acid sodstaining Fe and Al minerals in
acid soils and Ca compounds in alkaline soils.

The main retention mechanisms for inorganic phogmhare adsorption and
precipitation. The retention of phosphorus in wadlaoils is regulated by a variety

of physicochemical properties including pH, redamtgmtial, phosphorus loading,
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iron, aluminium, and calcium contents of soilsgaic matter content and
background soil phosphorus concentrations.

Organic phosphorus is derived from a variety ofreesl including microbes,
algae, vegetation, detritus and organic matter ail. $n wetlands where soils
predominantly organic, approximately 50-90% of tbeal phosphorus are in the
inorganic form while in wetlands where mineral sailominate approximately 10-
50% of the total phosphorus is in organic form.

The availability of phosphorus for retention inls@and assimilation by plants
is affected by the transport processes betweerandilthe overlying water column.
Phosphorus is mobilised between sediment or sditla@ overlying water by various
transportation processes including advection, dsspe, diffusion, seepage,
resuspension, sedimentation and bioturbation.

The concentrations of dissolved inorganic and argghosphorus in soils are
usually much higher than in the overlying wateruomh. This results in a flux of
these components (dissolved) from soil to the girgl water column. In wetlands
there are sharp gradients between the soil andvkdying water column, thus
suggesting a large flux of soluble phosphorus freoil to the overlying water
column.

Particulate phosphorus (PP) generated in the watamn settles on the soill
surface, thus the flux of particulate phosphorusam the water column to soil. The
settling of PP provides long-term retention by waetls and the flux of dissolved
components into the water column provides phosphaoubiotic communities.
Overall in wetlands, net P flux is always from tiwater column to the soils or

sediments. The phosphorus retention in wetlandasimlex and involves
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intercoupled physical, chemical and biological meges that eventually retain
phosphorus.

A review of wetland science literature identifié® trole of accretion as the
main long term storage for phosphorus but muchefliterature does not address
the method of soil-building as a way of nutrienmwbilisation. For example, Craft
and Richardson, (1993); Reddy et al., (1993); Rykcet al., (2002), Kadlec,
(2009c) have identified accretion as a principaigiberm storage for phosphorus.
Others, for example USEPA, (1999) states: “New tooted and natural wetlands
are capable of adsorbing phosphorus (P) loadingkthe capacity of the soils and
new plant growth is saturated”. Crites et al. (20Gfate: “Adsorption and
precipitation reactions are the major pathwaysploosphorus removal...” (Kadlec,
2009c). The long-term study by Kadlec (2009c) dlealemonstrates that some
authors have ignored the process of soil accretiwnP storage. Nevertheless,
interestingly USEPA (2000) correctly identifies eeteon and burial as a sustainable
mechanism. The burial of phosphorus in new acamstiof sediments and soils

provides a means for sustainable removal (Kadl@@9e).

6.5. Nutrient uptake by vegetation in an ICW

This section and the subsequent sections presenteults of a study of
nutrient accumulation iMypha latifoliaand sediments in the first cell of ICW 11
where maximum contaminant reduction takes place.

The nutrient content of the above-and below-grotligdha latifolia tissues
varied noticeably. In summer, at most locations a@heve-ground tissues had a

higher nutrient content than the below-ground tss(Figure 6-7). Conversely, in
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winter the below-ground tissues had a higher cdrttean the above-ground tissues.
Two-way ANOVAs (Table 6-2) were conducted to tesie tsignificance of
differences over the two seasons and between wsampling locations. With
regards to location of sampling points there weresignificant differences observed
for both TN (p=0.413) and TP (p=0.530).

Differences by sampling dates were found to baifggnt for TN only (p =
0.001). With the change in seasons, there is waagsbn of nutrients within the
plant. Prior to senescence in autumn, the impoiitamg are translocated from the
shoots to the roots and rhizomes. The stored migrigre then used in early spring

growth (Garver et al., 1988).

Table 6-2. Two-way ANOVA results for nutrient conteof Typha latifoliaat the
integrated constructed wetland (2008). The effettscation and date were tested.

Factor d.f. F-static p-value
Total Nitrogen (Main effects)

Location 8 0.687 0.413
Date 1 85.99 0.000
Interaction

Location x Date 8 0.687 0.413
Total Phosphorus (Main effects)

Location 8 0.401 0.530
Date 1 2.172 0.150
Interaction

Location x Date 8 0.401 0.530
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Figure 6-7 Average concentration of nutrients (Nl &) in the above- and below-
ground plant tissues of the studied integrated tcocied wetland system during
summer and winter (2008); a represents the stememves, b represents the roots
and rhizomes while numbers represent the sampliagrats.
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To find the relationship between surface wateliguand plant nutrients (TN
and TP) uptake, regression analyses were condudted. regression analyses
revealed no significant relationships between sarfavater nutrients and the
concentrations of nutrients in plants (Table 6-Positive and significant
relationships between NHconcentrations in the wastewater and TN concéoirat

in plant tissues were observed, withvRlues ranging from 0.89 to 0.38.

Table 6-3. Regression analyses for plant and watedity data at the studied

integrated constructed wetland (2008).

Season Dependent variable Predictor Sl_gnlflcant R? p-value
difference

Summer TNinAandB NH," Above 0.89 0.008
Below 0.5 0.01

TNinAandB NO3 Above -0.09 0.52

Below 0.48 0.35

TP in Aand B MRP Above -0.47 0.65

Below -0.25 0.58

Winter TNinAandB NH," Above 0.88 0.006
Below 0.38 0.03

TNin Aand B NO3 Above -0.44 0.64

Below -0.57 0.69

TP in Aand B MRP Above -0.47 0.65

Below -0.89 0.82
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A previous study of the seasonal variations in I@&/formance for nutrient
removal indicated high ammonia-nitrogen efficiescduring spring and summer
(Mustafa et al., 2009). The sampling for this stwds carried out in mid summer, a
period when the plants had fully grown and utilisked nutrients in rebuilding their
tissues. Gottschall et al. (2007) found significaetationships between NH
wastewater concentrations and TN in plants.

The ICW system studied here was dominated by amawatrogen, and
previous studies by various researchers have shioatrNH," is the preferred form
of nitrogen for cattailsTypha latifolia) The first cell of this wetland system had the
highest ammonia-nitrogen concentrations and itikely that during the growing
season, i.e. in spring when the plants rejuvenplant uptake was driven by
wastewater N concentrations. A study by Gottschall et al. (208/8o confirms
this. Moreover, Brix et al. (2002) found higher memt uptake and growth rates By
latifolia, when supplied with NI rather than N@, as the exclusive nitrogen source.

Figure 6-8 represents nutrient content changeassnods ofT. latifolia. There
was a marked difference among above- and -belowngrdissues during the two
sampling times. More nutrients (N and P) were stanethe below-ground tissues in
summer as compared to winter for the obvious redéisanthere is translocation of
nutrients. Gotschall et al. (2007) also found ruricontent changes in plant tissues
with respect to seasons. Differences by samplirig dere found to be significant
for TN only and not for TP (Table 6-2). The resuttsrroborate with those of

Gotschall et al. (2007).
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Figure 6-8. Changes in total nitrogen and totalgphorus contents dfypha latifolia
plant tissues in 2008 in cell 1 ICW 11. Above-grduissues are shown as positive
values while below-ground tissues are shown astivegaalues. Nutrient content is
expressed in g/0.25mrepresenting the average of sample quadrats (st&)dard
error estimates are included. (a) Total nitrogernsiimmer (b) Total nitrogen in
winter (c) Total phosphorus in summer (d) Total gptwrus in winter.
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6.6. Nutrients in litter

Mean total N and P concentrations in litter were31g7kg and 1550 mg/kg,
respectively. Debusk and Reddy (2005) conductetudysof litter decomposition
and nutrient dynamics in the Everglades marsh aoadnd mean nutrient
concentrations in cattail and saw grass litter w2 g/kg and 1153 mg/kg,
respectively. Some nitrogen is utilised by plantsl @&amaining nitrogen uptake is
either leached from biomass or necromass into watarsoluble form or remains in
dead plants (Kadlec, 2005). The poorer autumn pedoce of integrated
constructed wetlands in ammonia removal (Mustafal.e2009), is most likely due
to return of soluble N to the water column. Howe\vaartially decomposed litter of
cattail is characterised by low N and P contentnarily due to leaching. When this
partially decomposed litter is added to the wetlaod surface it acts as a strong
nutrient sink because of its high C as compared ito soil layers below. Debusk and
Reddy (2005) reported that the high sink strendthtter in the Everglades marsh
was due to the combination of an extremely low ieatrcontent and relatively high

C quality.

6.7. Ammonia-oxidising and denitrifying bacteriain
litter and sediments

Nitrogen transformation processes
In comparison to ammonia-oxidizers, denitrifiersrevenore abundant in

most of the litter and sediment samples (Table.@#)ce the nitrate concentrations
in water within the ICW systems were low, it isdii that oxygen and nitrate served
as electron acceptors in the lower layer of thelamelt cells, and this might have

promoted the growth of denitrifying bacteria. EadlW system contained
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denitrifying bacteria, but they were present in yiag proportions. For
example, ICW 11 had a lower proportion of denitrify bacteria than both ICW 3
and ICW 9. Samples analysed from ICW 3 and ICW®rdit indicate the presence
of ammonia-oxidising bacteria. Most denitrifierse dneterotrophs. The supply of
organic carbon by macrophytes raised the overadirbgophic activity, leading to
the consumption of oxygen. Thus, oxygen availapilit the sediment was reduced,
and subsequently denitrification was supported t{Blean et al., 2005). Ammonia-
oxidising bacteria were present at ammonia-nitroggmcentrations between
approximately 5 and 20 mg/L. Denitrifying bactemnare observed at nitrate-nitrogen
concentrations between 0.1 and 4.5 mg/L. In comparito ammonia-oxidising
bacteria, more denitrifiers were present in mostVIGystems, while ammonia-

oxidising bacteria were found in samples colledtech ICW 11 only.

Table 6-4. Bacterial community abundance in integt@onstructed wetland (ICW)
litter and sediment samples compared to the casre&pg mean ammonia-nitrogen

and nitrate-nitrogen concentrations in surface wate

ICW Ammonia-oxidising Denitrifying ~ Ammonia-nitrogen Nitrate-nitrogen
no. bacteri& bacterid (mg/L) (mg/L)

3 0 73 13.95 0.27

9 0 80 5.20 1.69

11 27 53 9.73 1.73

®Relative presence (%) of bacterial community ((bsemt; 100 = present).

Comparison of ammonia-oxidising and denitrifying co mmunities
Interesting differences between three selected I€Wmple sites are
discussed in this section (see Table 6-4). Sangmab/sed from ICW 3 and ICW 9

did not indicate the presence of ammonia-oxidisiagteria. ICW3 had lower
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denitrifying bacteria numbers than ICW 9. SinceM®@ had a higher aquatic plant
cover density than ICW 3, it is suggested thatddeaying macrophytes within ICW
9 increased organic matter which is a source obararand therefore energy for
denitrifying bacteria. Samples taken from ICW l1Mdioated the presence of
ammonia-oxidising bacteria. There was a reducedadiity of organic matter at
the bottom of ICW 11, which led to decreased numoéheterotrophic bacteria and
consequently created conditions in which ammonidisixg bacteria proliferated.
ICW 9 contained a higher proportion of denitrifyibacteria than ICW 11
and had a higher plant density than ICW 11. Theh mgmber of denitrifying
bacteria was linked to high concentrations of térdhe decaying plants contributed

to organic matter that became a source of enemgyeioitrifying bacteria.

6.8. Nutrient accumulation in soils and sediment

The amount of sediment accumulation, rate of bugd+emoval frequency,
sediment composition, and management of removddcset are the most important
items of information for the design engineer (Sehet al., 2007). Surveys to
determine sediment accumulation was conducted orotgassions. The first survey
was conducted in 2006, five years after commissmmif the integrated constructed
wetland (ICW 11). Sediment accumulations were measfor ICW 11 to obtain
information on the nature and rate of sedimentdsup in the ICW systems. The
second survey was conducted in 2008, at the tinedm@ sampling. The mean depth

of sediment for the ICW 11 was 13.6 + 10.12 cm.
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The first wetland cell of ICW 11 which is approxitely 100 cm deep:
allowing a minimum water depth of 20-cm and a fartB0-cm freeboard, this leaves
60 cm depth for sediment accumulation before remnisveequired. Therefore, at a
sedimentation rate of 3 cm per annum, removal wdddequired at intervals of
approximately 20 years if the sediment was equdibpersed throughout the entire
wetland. This was not the case, however, as the ohtsedimentation varied
considerably between individual wetland cells, #imel removal frequency required
for each cell will therefore vary accordingly. Dteevariations in rates of sediment
accumulation, the desludging frequency will alsoyviaom cell to cell in any ICW
system. The first cell has the highest rate of eedi accumulation. The sediment
depth in the first cell after 5 and 7 years of @pen was 35 cm and 45 cm
respectively. This shows that desludging of thmst fpond appears to be necessary
approximately every ten years.

The surveys conducted to determine sediment acatioml rate showed
increases in depth of the wetland soil. The saiksgtigation results at the time of
construction indicated the presence of clay indghlestratum of the ICW. Since the
start of its operation there was an average iner@éasdepth of 0.45 m of new
material in the first cell of the studied wetlangstem. Over this 7-year operation
period the accretion rate was approximately 6.4/cm/

Soil cores from ICW 11 collected in summer and eirdf 2008 were divided
into sections by depth and analysed for nutriedtand P were stored in the wetland
soil. After 7 years of operation, the levels ofrogien and phosphorus in wetland

soils were found to be 21.9 + 5.01 g/kg and 3.4186 g/kg respectively
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(Table 6-5). The average NHN and TP concentration in the influent were 38d@/Im
and 14.4 mg/l, respectively.

The concentrations of both nitrogen and phosphoaugd with depth. The
top sediments had higher concentration of nutriemtsle the levels decreased
progressively with depth for most of the sampleseré were differences observed
with respect to seasons. Higher nutrient conaéintrs were observed in summer
than in winter (Table 6-5). This may be becausedhef changes in hydrological
regimes during the two seasons. There was muchceddor no outflow during
summer and much higher flows in winter comparedummer. Song et al. (2007)
conducted a wetland microcosms study and foundrévaetting of soil followed by
drying released phosphorus by desorption of preslyoadsorbed phosphorus.

The first cell from which core samples were cdhlecreceived the highest
concentration of nutrients (N and P) which hasltedun higher biomass. Compared
to other cells, the first cell had an obviously Heg biomass resulting in a higher
necromass and more accretion. N and P concentsatiere higher near the inflow
and varied with distance (Table 6-5). An averagg®000 ni of wastewater entered
the integrated constructed wetland during 7 yedrsomeration. The influent
contained 15 mg/l of TP, 10.5 mg/l MRP, 140 mg/ITid, 41.9 mg/l of dissolved
inorganic nitrogen (DIN); 38.6 mg/l of NFN, 2.5 mg/l of N@-N and 0.76 mg/l of
NO,-N. N and P were successfully stored in the wetlspitk and sediments. Over
the 7 year period, approximately 1046 kg of phosphi@ntered the wetland system.
A total of 63 kg were exported, thus creating a snasnoval of 94%. 780 kg of
phosphorus was stored in the first cell, thus thiks @and sediments in the first cell

stored 74% of the incoming phosphorus load.
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Table 6-5. Concentration of nutrients (N and Pyaious depth ranges in the soils

and sediment of the studied integrated construsttthnd system ICW 11.

Season/sampling Distance N g/kg P g/kg
point from 0-15 15-30 30-45 0-45 0-15 15-30 30-45 0-45
inflow cm cm cm cm cm cm cm cm
(m)
Summer

1 8.5 15.8 5.74 3.90 25.4 2.99 1.15 0.88 5.02
2 6.0 14.1 11.9 431 30.3 2.14 1.89 0.78 4.81
3 8.5 16.0 11.8 1.83 29.6 2.19 1.64 0.25 4.08
4 20 8.17 9.83 1.67 19.6 0.82 1.05 0.68 2.55
5 18 18.5 16.1 4.26 38.8 2.17 1.86 0.84 4.87
6 20 9.23 4.32 2.14 15.6 2.31 1.56 0.99 4.86
7 35 8.50 6.12 4.96 19.6 0.98 0.91 0.74 2.63
8 33 6.27 5.12 4.04 15.4 0.90 0.88 0.65 2.43
9 35 9.74 7.22 3.92 20.8 2.00 1.75 1.11 4.86

Average + standard deviation, N (g/kg) 23.9 + 7anél P (g/kg) 4.01 +1.14

Winter
1 8.5 9.09 7.16 450 20.7 1.82 148 071 4.01
2 6.0 9.75 6.27 3,57 196 1.80 1.14 055 3.49
3 8.5 824 741 3.96 19.6 1.80 1.22 056 3.58
4 20 106 532 425 202 1.39 0.85 068 292
5 18 157 832 232 263 2.02 1.09 0.18 3.29
6 20 14.07 4.11 0.99 192 1.31 053 0.16 2.00
7 35 8.24 5.6 381 172 1.12 0.77 047 2.36
8 33 9.23 7.25 199 184 0.94 0.44 015 153
9 35 863 531 342 174 1.02 0.62 041 205

Average + standard deviation, N (g/kg) 19.8 + 2antl P (g/kg) 2.80 £ 0.85

Average of Summer and Winter, N (g/kg) 21.9 + Sadtl P (g/kg) 3.41 + 0.85
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Accumulation of nutrients in the soil of the ficgll of ICW 11 is depicted in
Figure 6-9. The maximum nitrogen accumulationnighe centre while overall the
figure shows an almost symmetrical distribution tgrat. For phosphorus, the
distribution is asymmetrical with maximum concetitnas dispersed in a triangular
shape from the inlet. The different spatial paseonf nutrient accumulation in
sediments show that variations may have been imflet by the wetland hydraulics.
For nitrogen, low values (18-22 g/kg) are foungh@ints close to the inlet and outlet,
while for phosphorus medium values (3.5 g/kg) amenfl near the inlet with
comparatively low values near the outlet (2.5 g/kégnerally, nutrient accumulation
depends on factors like hydrology, hydraulics aedetation.

Dolan et al. (1981) found in a pilot-scale treatiegtland that soil was the
most significant compartment for P storage, folldwsy plant roots and rhizomes,
and plant litter. Most of the P stored in wetlandface soils is in organic matter
(Reddy et al., 1998; Axt and Walbridge, 1999; Grahet al., 2005). Dunne et al.
(2007) found that storage of phosphorus in surfmks (0—10 cm) was greatest (>
87%) relative to the sum of all other ecosystem gantments. Debusk and Reddy
(2005) studied nutrient dynamics in the Everglagi@ssh and reported mean total N
concentrations in soil of 28 and 29 g/kg for th&@@and 10-30 cm depth intervals
while P concentrations were 1.15 and 0.64 g/kgpeesvely. Kadlec (2009c)
reported a long-running study (30 years), discyss$ie role of wetland soils and
sediments in removing nutrients at Houghton lakdame project. He reported that

over that period of time, 30 cm of new soil develdpvhich stored nutrients.
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Figure 6-9. Contour map showing accumulation ofiants in sediments of celll,
ICW 11. (a) nitrogen (b) phosphorus

Phosphorus concentrations were approximately 20@®/kg and the nitrogen
concentration was 2-3% DW. The results reportect lz¢so show that soil is the

most important wetland component for long-termagerof phosphorus.
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Tanner et al. (1998) reported that under suitableditions in surface-flow
constructed wetlands, high rates of plant-derivegawnic matter accretion may
provide substantial long-term immobilisation andrage of nutrients, and a
sustained carbon supply for microbial denitrificati In general, the upper soil of the
wetland (0-15 cm) had higher phosphorus conceatratithan the bottom layers
(Table 6-5). In these systems the wetland plantg wet harvested, resulting in the
accumulation of organic matter. Some of the detril@composes but recalcitrant
portions have most likely resulted in accretionnefv sediments. The accretion of
new sediments assists in the long-term sequestratigohosphorus (Wallace and
Knight, 2006). Nitrogen in this study was also stbiin the soils and sediment,
approximately 50% (in the first cell). Borin and cbhetto (2007) evaluated the
performance of a constructed surface flow wetlaedting diffuse N pollution from
croplands and estimated the five year water arrdgen balances. They found that
the wetland soil accumulated more than quarten@iricoming nitrogen load.

Moreover, the integrated constructed wetland sulsaty changes from an
initially mineral based system to an organic basgstem with higher phosphorus
removal capacity. In acid soils, inorganic P canadesorbed onto iron (Fe) and
aluminium (Al) oxides (Faulkner and Richardson, 99Bhue and Harris, 1999). In
organic soils, such as those present in wetlangystems, inorganic P can react with
Al and Fe associated with organic matter (Rhue ldadis, 1999). The organic
matter accumulation and subsequent accretion aporitant for long-term P
retention (Kadlec, 1989; Craft and Richardson, 19@@sch and Gosselink, 1993;
Pant and Reddy, 2001). Five upper soil layer sasnjpten ICW 11 were randomly

selected and the iron content was determined. Td® ¢ontent in the samples
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showed a strong relation with P%®.74). Dunne et al. (2005a), also reported that

phosphorus sorption was significantly related ®itbn (Fe) content of soils.

Carbon in litter and sediments. Carbon accumulation in mg/kg was measured
for six samples in the direction of flow. C congatibns decreased from the inlet
towards the outlet zone. Average C accumulatiothénupper 6 cm of the soils and
sediments was 181.3 + 27.5 g/kg. This is high wemmpared to values reported in
literature. Vohla et al. (2007) reported C concatndns in soil samples collected
from a horizontal subsurface flow constructed wetlaof 2.2 to 5.7 g/kg. The
reason for lower levels of carbon accumulationhia HSSF CW may be due to
factors such as the characteristics of the soiichvivas coarse sand and the type of
wastewater, septic tank effluent. Conversely ICWha$ soil that is rich in organic
matter and wastewater from farmyard which is richutrients. The litter on top of
the sediments had a high C content of 362.2 + @&§. Obviously the litter from
decaying macrophytes provides considerable suréaea for the attachment of
biofilms, and plays an important role in supportmgrobial processes in wetlands
(Brix et al., 1994). Also wetland sediments haverbshown to be important habitats
for microorganisms supporting denitrification (Baken et al.,, 2003). Hence,
sediment and associated litter are components shpport microbial-mediated
processes. Chapter 7 on microbial ecology repbésthe litter component supports
a morediverse microbial community than sediments. Dugel synthesis, microbes
assimilate carbon and nitrogen. For aerobic decaitipn of plant detritus a C:N
ratio of 25 is required and the litter in this stuthd a C:N ratio of >40 for most of

the collected samples.

164



According to Reddy and Laune (2008) if the C:Naadf litter >25 then net
immobilisation of inorganic nitrogen will occur agesult of assimilation of nitrogen
by microbes during decomposition. In this case iriiigation will be greater than
ammonification. Immobilisation is a process in whinorganic nitrogen is converted
into organic forms while ammonification is a prages which organic nitrogen is

broken down to ammonium (Figure 6-10).

Ammonification/N-miner alisation

Organic N Ammonium
R
|
'HOOC— C— NH > NH,"
|
H

N-immobilisation
Inorganic Organic N

NH," |

NOs |

Figure 6-10. Transformation and conversion procesgeammonia in soils (after
Reddy and DeLaune, 2008). R is a radical attachearbon while NH isthe amine

functional group.
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6.9. Nutrient storage in vegetation and soils

The total nutrient storage in ICW 11 was calculgfeable 6-6). There was a
decrease in plant nutrient storage from summey)dalwinter (December). For TN,
the reduction was about 31% from 50.9 kg in sumimed5.2 kg in winter. For TP,
the reduction was around 44.5 % from 13.7 kg inrsemto 7.6 kg in winter. Overall
TN and TP storage in plants decreased from summaeviriter. Nutrient uptake
studies have been conducted at various geograpbiations. Comin et al. (1997)
studied naturally restored wetlands treating adjucal runoff in Spain, Europe and
found that the plant uptake ([Etifolia) accounted for over 66% of nitrogen removal.
Greenway and Woolley (2000) conducted a study oorestructed wetland treating
municipal wastewater in Australia and found 24-4@%TN and 47-56% of DP
removal was due to plant uptake. Newman et &0 studied the seasonal

performance of a dairy wastewater system in ComnéctJSA and found that

Table 6-6. Nutrient storage estimates in vegetatimh soil/sediments in ICW 11.

. Difference
Summer Winter (Summer-Winter)
kg kg
kg

Total nitrogen
Plant 50.9 35.2 15.7
Soil and sediment 6057 4201 1856
Total 6107.9 4236.2 1871.7
Total phosphorus
Plant 13.7 7.6 6.1
Soil and sediment 899 662 237
Total 912.7 669.6 243.1
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plant uptake (T. latifolia and Phragmites australis Cay. accounted for
approximately 3% of nitrogen removal. All the thremse studies discussed above
were conducted on wetlands which were all undex yiars old, in which vegetation
is still being established.

One of the similar evaluations of plant nutrientalkke comes from Gottschall
et al. (2007). They conducted a study to elucitlagerole of plants in the removal of
nutrients at a well-established constructed wetlagdting agricultural wastewater
since 1996. Overall, plant uptake accounted foRd.Gf TKN removal. When
considered separately, 9% of TKN and 5% of TP reahwsere due to an increase in
plant storage in cell 2 of the wetland system. this study, plant uptake in the first
cell accounted for 0.4% of TKN removal and 0.8% T#? removal. The lower
nutrient storage by plants in cell 1 could be asrésult of Brix’s (1997) argument
that plant uptake is only significant under lownrerit loading conditions. It is clear
that the first cell receives the most contaminatdtlient and highest load as the
untreated wastewater enters the system and thésplarthis part of the wetland
system are most likely to store small amounts ofient as compared to other cells.

Analysis revealed that total nitrogen in the s@mples of ICW 11 was
higher that the total phosphorus. The storage tobgen in new soils and sediments
was approximately 6 times more than phosphorus.léa@009a) found that
nitrogen accretion in new soils and sediment atghton lake wetland was 10 times
more than phosphorus. The new soil layers wenmddrin the studied integrated
constructed wetland system through the accumulaifoimcoming solids entering

along with the nutrient enriched wastewater, mampg accretions (macrophyte
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detritus) and microscopic accretions (algal, ba&mteand microbial detritus).
Consequently, new residuals from various sources weposited on the wetland soil
surface (Kadlec, 2005).

Since 2001, the wastewater discharge added appateiyn9760 kg of
nitrogen to ICW 11. A total of 223 kg were exported mass removal was 97.7%.
5175 kg of nitrogen was stored in the first cdilid the soils and sediments in the

first cell, i.e. 52% of the incoming nitrogen load.

6.10. Summary

This chapter described the role of plants and sewlinm removing nutrients
from an integrated constructed wetland treatingcajural wastewater for more
than 7 years. More N and P were stored in wetlaild and sediments than in plants.
The first cell had the highest depth of sedimemuawlation (45 cm). Over the 7-
year operation period the accretion rate was apmately 6.4 cm/yr. With regards
to management, desludging of the first wetland o#llICW 11 appears to be
necessary in 2011. An average of 10,000per year of wastewater entered the
integrated constructed wetland. Approximately, 7&%80 kg) of the phosphorus and
52% (5175 kg) of the nitrogen that entered the ametlsystem was stored in the
wetland soils and sediments. Plants stored a spwitentage of nutrients as
compared to soils (<1% both N and P). This studypnalestrates that the soil
component of a mature wetland system is an impbraaa sustainable nutrient

storage component.
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Chapter 7 Microbial ecology

7.1. Introduction

This chapter reports on the use of novel moleaulathods to gain an insight
into nitrogen removing microbial communities presantwo full-scale integrated
constructed wetlands. The rationale of the reseaashto explain spatial variation of
the nitrogen-removing bacterial community structunéhin the wetland litter and
sediment using denaturing gradient gel electroedDGGE). This was the first
field-scale investigation of nitrogen removing nalsial communities for full-scale
ICW. The contents of this chapter have been subdhiis a manuscript to Water
Research.

The research investigated two hypotheses. Theviiast that the community
composition is likely to change throughout the eliént stages of wastewater
treatment within an ICW. The second hypothesis tha$ any nitrogen removing
community composition similarities measured can dxplained by the chance
occurrence of the same organisms in two wetlandesys In other words, the
community composition similarities would be no degaor smaller than if they had
been randomly drawn from the same source of talka.aims of this chapter are as
follows:

* to characterise and compare microbial diversitypoesible for nitrogen
removal within different wetland cells of seleci€V;

» to characterise and compare microbial diversitypoesible for nitrogen
removal in different components (sediment andr)ittf wetland systems;

and
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» to compare the species composition of nitrogen xémgobacteria in different

wetland systems within a theoretical framework.

7.2. Molecular microbial tool box

Traditionally, microorganisms and their physiolayieave been studied in
isolation by pure culture technigues. But with tpassage of time researchers
realized that these techniques are biased singeaosiinall fraction (1%) of the total
cell population is cultivable (Amann et al., 199%herefore, methods which did not
involve cultivable techniques were needed to stadyobial diversity.

Woese and colleagues researched and produced $gmbliations which
revolutionized the world of microbial ecology (Weeand Fox, 1977; Woese, 1987,
Woese, 1994). Their pioneering findings motivatdee tdevelopment of new
molecular techniqgues which made it possible to ystilee structure, function and
dynamics of microbial communities. Presently thare a number of nucleic acid-
based techniques to determine the genetic divessitgicrobial communities in the
environment. The advent of these techniques hag massible to evaluate spatial
and temporal changes in microbial communities.ritento evaluate these changes,
samples from different locations have to be anaysemicrobial ecosystems need to
be investigated over days, months and years. A samnmf commonly applied
molecular techniques to determine abundance aneérgiiy in environmental

samples is shown in Figure 7-1.
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Figure 7-1 Summary of most commonly applied techegyfor the study of
microbial diversity, community structure, identipnd abundance (adapted from
Head et al., 1999).

The analysis of bacterial communities using nuedmid based techniques
has made it possible to overcome the biases ofvatitin-dependent methods
commonly known as the “great plate count anomalyor this purpose, specific
genes are used to assess biodiversity in the marobmmunity. Specific genes are
often linked to specific organisms and the presesfca particular organism can be
confirmed by the detection of a specific gene. Thest commonly applied

techniques for microbial studies are shown in Fegixl. The application of cloning
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and sequencing has been successfully applied torexmicrobial communities, but
it is laborious and time consuming to analyse gdarumber of samples. However,
genetic fingerprinting techniques, such as demagugradient gel electrophoresis
(DGGE) are remarkably suitable for comparison afgéa number of samples,
especially for studies focussing on spatial andptaal variation of bacterial
communities in relation to environmental factorsniicrobial ecology, Muyzer et al.
(1993) first introduced DGGE as a convenient taolthe assessment of microbial
diversity in natural samples. There are many emvitental studies in which nitrogen
removing bacteria have been investigated by varifingerprinting methods
including DGGE, restriction fragment length polympbism (RFLP) and terminal
restriction fragment length polymorphism (T-RFLP).

It is important to understand how microorganismsl amixed microbial
consortia function in various engineered and natareironments since this can
provide an opportunity for engineers to maniputatese environments to induce the
necessary metabolic responses to accomplish renodvarious pollutants. With
this enhanced understanding, models can be dewvklépethe design of these
treatment systems, leading to improvements in desigl operations procedures.

Molecular tools are helpful to explain chemical rament, fate, and impact
in all engineered and natural systems. Additioredelarch opportunities with
molecular biology tools include assessing the imhmdcenvironmental conditions
and anthropogenic inputs on microbial communityusture, assessing the

assimilative capacity of systems in the contexbimremediation, and developing
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approaches for predicting rates and extent of lgatiation. Recently, there have
been enormous advances in methods for detectioimiofoorganisms in the
environmental matrices. Molecular methods are nemd successfully applied to
study the microbial ecology of wastewater treatnsystems. For example, studies
of different bacterial groups important in activhtsludge wastewater treatment
systems (autotrophic ammonia-oxidizing bacteriaOBA- and mycolata involved in
foaming) have revealed how differences in operafioparameters and plant
configuration affect the composition and abundaotdacterial communities and
may result in damaging effects and process fa{ldezad et al., 1999).
Extraction of nucleic acids

Nucleic acids are found in the cell in two formsodyribonucleic acid
(DNA) and ribonucleic acid (RNA). They are composefl monomers called
nucleotides. A nucleotide is composed of three camepts: a molecule of phosphate,
a molecule of sugars either ribose in RNA or deitsoge in DNA, and a nitrogen
base (adenine, guanine, cytosine, thymine or QraddNA and RNA are
informational macromolecules as they contain geriaformation in their sequences.
Extraction of DNA or RNA from environmental samplssthe first step in PCR
based methods in the molecular toolbox. The totamhraunity DNA is extracted
using commercially available kits that yield higlyrified DNA from soil and other
complex habitats (Madigan and Martinko, 2006).
Polymerase chain reaction (PCR)

PCR was developed by Kary Mullis (1983). PCR isnavitro technique that
multiplies DNA molecules by up to a billion fold @igan and Martkin, 2006). It

depends on the natural DNA replication mechanisranplify a specific sequence
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of DNA. It is a rapid and simple method for amyiliig selected molecular markers
by using specially designed primer combinationgrner is a nucleic acid strand
that serves as a starting point for DNA replicatiand is required because most
DNA polymerases (i.e. enzymes that catalyze thdicegpn of DNA) cannot
synthesizale novaDNA.

Each PCR round has three stages: denaturationalammend extension. In
the first stage, known as denaturation, the hydrdgends that hold together the two
strands of DNA are broken through heating (betw&€C and 95 °C). In the second
stage, annealing, the temperature is lowered (wdBPC and 72°C) to an ideal level
so that the primers can anneal to their targetesszps (Sambrook et al., 1989). The
last step is extension, during which the tempeeaisrincreased to the optimal
(usually 72 °C), which extends the DNA fragments/toch the primers are annealed.
Denaturing gradient gel electrophoresis (DGGE)

In microbial ecology, DGGE was first introduced Myyzer et al. (1993) as
a convenient tool for the assessment of microbiadrdity in natural samples. DGGE
is a powerful tool for studying the community stire and sequence diversity of
microbial systems over space and time. It is a otethased on electrophoresis of
PCR amplified 16S rDNA fragments in polyacrylamigels. The gels contain a
linearly increasing gradient of denaturant whichseathe dissociation of the double
stranded DNA based on differences in nucleotide pmsition. The result is a gel
with several bands located at different pointsivaltty in the gel. To determine the
identity of organisms, individual bands can be sediand sequenced. The sequence
obtained can then be compared with sequences fromwik organisms in public

databases. Moreover, the banding patterns cansacoramunity fingerprints. The
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number of bands gives information on the diversityle the intensity and position
of bands gives insight into the community structure
Fluorescence in situ Hybridisation (FISH)

It is a technique used to detect specific organigmbiological samples.
Specific organisms can be detected using fluordlscliabelled oligonucletide probes.
Using a suite of probes, each designed to reatt avispecific organism and each
containing its own fluorescent dye, this technigaa be used for characterisation of
microorganisms in environmental samples. If FISHc@mbined with confocal
microscopy it becomes a valuable tool for studythg abundance of specific
microbial populations in space and time.

Fluorescence in situ Hybridisation is carried oufaur main steps. The first
step is permeabilisation and fixation of cells, seeond is hybridisation of the probe
with target cells, the third is washing off excessl unbound probe and the fourth

step is using a fluorescence microscope for aralysi

7.3. Nitrogen removing bacteria

Ammonia-oxidising bacteria (AOB)

Nitrification is a two step process in which amneooixidises to nitrite, and
then nitrite oxidises to nitrate (Figure 7-2). dsults from the activity of nitrifying
bacteria which are aerobic, autotrophic and chehmdliophic. Carbon dioxide (G
is the main source of carbon for nitrifying bacienwhich is fixed via the Calvin

cycle (Prosser, 1989). The nitrifiers are slow grayvcompared to heterotrophs
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Figure 7-2 Steps in nitrification (after VaccarQds).

making it difficult to isolate and grow them in tkeboratory. Therefore, molecular
methods are appropriate for studying AOB commusitiPCR based methods
followed by DGGE are most commonly used for studyime composition of
ammonia-oxidising bacteria. The complete oxidattbrammonia is not carried out
by a single chemolithotroph but two separate groapdacteria, the ammonia-
oxidising bacteria and the nitrite-oxidising bateare responsible for the oxidation
of ammonia to nitrate. Ammonia-oxidizing bacteri@OB) and nitrite-oxidizing
bacteria (NOB) are the two major guilds in nitrdton.

The use of molecular techniques based on 16S rRél#e @s a molecular
marker classifies ammonia-oxidisers into three geigtrosomonas, Nitrosospira

and Nitrosococcus. Nitrosomonaand Nitrosospirabelong to thel subgroup of
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Proteobacteriawhile Nitrosococcusbelongs to they subgroup ofProteobacteria
The nitrite-oxidisers includéitrobacter, Nitrococcus, Nitrospinand Nitrospira.
Nitrobacter, Nitrococcus, Nitrospinabelong to thea, p and y subgroup of
Proteobacteria, respectiveNitrospirais a member of Xenobacteria.

Population studies of ammonia-oxidising bacteriaOBA show that
Nitrosomonassp. dominate in engineered systems. For example, Bchrat al.
(1996) detected a predominance WNftrosomonas europelke organisms on
biofilms in ammonium-rich trickling filters, whilduretschko et al. (1998) reported
the predominance dfitrosomonas mobilisvithin activated sludge originating from
industrial wastewater. However, Ibekwe et al. (2008tected a predominance of
Nitrosospiralike organisms in samples from sub-surface hotalofiow wetlands

treating dairy wastewater.

Denitrifying bacteria

Denitrification is a stepwise process in which atiér is reduced to nitrogen
gas (Figure 7-3). In this process gaseouis formed biologically. A wide variety of
taxonomic groups have been found to have the dgypdor denitrification.
Approximately 130 species of bacteria and archama daenitrify (Zumft, W. G.
1992). Most of the denitrifying bacteria are faatilte, anaerobic and
chemoheterotrophs. They use organic compoundseasra donors and nitrogen

oxides as terminal electron acceptors.
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Figure 7-3 Steps in denitrification (after Vacc&006).

In denitrification, nitrite is reduced to nitric mbe and this step distinguishes
denitrifiers from other nitrate-respiring bacteri@his reaction is catalysed by
different types of nitrite reductases: Cu-contagnanzyme encoded byrK gene or
a heme-containingd; enzyme encoded byirS gene. The reduction of nitrous oxide
to nitrogen is the last step in the denitrificatipathway (Figure 7-3). This step is
catalysed by nitrous oxide reductase encoded bynhtisZ gene (Throback et al.,
2004). Molecular techniques based on 16S rDNA gseequences avoid the
limitations of culturability and have been usedi&dect and analyze a larger portion
of the bacterial community in environmental sampldewever, the high diversity
among denitrifiers excludes a 16S rDNA-based agpraand instead identification
requires the use of functional markers of the geneslved in the denitrification

process, e.quirK genenirS gene onosZgene (Braker et al., 2001).
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Denitrifying bacteria assist in removing excessagien from wastewater and
also in the degradation of organic pollutants. Mbatteria characterised by this
functional trait belong to the wide array of diversubclasses of Proteobacteria
(Throback et al., 2004). Hallin et al. (2006) fouRdracoccussp., Thauera spp.
Azoarcus sp., Alcaligenesfaecalis Bradyrhizobiumjaponicum and Blastobacter
denitrificans in activated sludge samples collected from fulllscand pilot-scale
plants treating municipal wastewater. Moreover,zZRRiueda et al. (2007) detected
Azoarcus tolulyticus spp., Ralstonia eutropbad Azospirillum brasilensein
sediment samples collected from a free-water serfémv constructed wetlands
treating secondary treated wastewater from a treattplant. Sundberg et al. (2007b)
detected a diverse denitrifying bacterial communadgmprising Thiobacillus
denitrificans Rhodopseudomonas palustrBurkholderia mallei, Azosprilliunsp.
andL. lactissp.in soil samples from a compact constructed wettagaking landfill
leachate. Previous studies indicate the presencdivefse denitrifying bacterial

communities in both engineered and natural wastavedatment systems.

7.4. Biological processes science

Traditionally, the science behind biological praEsin wastewater treatment
systems has been empirical rather than theorefiCaltis et al., 2003). The
community composition in biological wastewater tre@nt systems can be evaluated
using classical ecological work as discussed byb8ioff (1978). Curtis et al.
(2003) have promoted the viewpoint that both tresoand models developed for

classical ecology could be related to microbial oamities living within biological
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wastewater treatment systems such as activatedesl@lrtis et al., 2007; Graham
and Smith, 2004). Van der Gast et al. (2006) enguothe species-area model,
which is based on one of the oldest biological |awstudy the relationship between
bacterial taxa richness and reactor size. They aisployed the theory of island
biogeography to study the assembly and developroénbacterial diversity in

membrane bioreactors. Moreover, Baptista et alO§P0conducted a study on
laboratory-scale wetlands and compared the sizetla@dspecies composition of
Eubacteria, sulphate-reducing bacteria and the dsclwithin a theoretical

framework using the classical Theory of Island Biography. They found that the
three functional groups appeared to be stochastiealsembled from the same

source Community.

7.5. Nitrogen removal in integrated constructed

wetlands

In ICW systems, the litter from decaying macropkypeovides considerable
surface area for the attachment of biofilms, anthéefore important for microbial
processes such as the transformation of nutrigratgi¢ularly nitrogen) in wetlands
(Brix et al., 1994). In treatment wetlands, sediteehave been shown to be
important habitats for microorganisms supportingitigication (Bastviken et al.,
2003). Hence, sediment and associated litter argponents that play a vital role in
supporting microbial-mediated processes. It hasg Idmeen recognised that
microorganisms are responsible for the decompaositdd organic matter and
nutrients in wastewater treatment facilities. Hoarewery little work has been done

to characterise nitrogen removal by microbial comities in free surface water
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constructed wetlands treating agricultural wastewat

Case Studies

7.5.1. Site description

The study was carried out at two representativessilCW 3 and ICW 11.
Both systems were built in 2001 to treat farmyandoff comprising yard runoff
(main component), roof runoff and dairy washingse Yard runoff was occasionally
contaminated by silage and manure. Prior to coastm of these wetland systems,
there was no treatment, and the runoff was spread the adjoining fields. The
wetland systems had a multi-cellular configuratigith a minimum number of four
cells. The systems operated as a set of sequestdi@hinment structures that
intercept and control the contaminant gradient ¢&cht al., 2007).

ICW 3 has a total area of 1.00 ha and receivesfirfnoon a farm comprising
70 dairy and beef cows, while ICW 11 has a totahasf 0.76 ha and receives runoff
from a farm comprising 77 dairy cows. Emergent pkpecies (helophytes) were the
primary vegetation type in the ICW. Farmyard runefas conveyed into the
constructed wetlands by gravity through pipes. kb features of the constructed
wetlands were horizontal flow and intermittent teulic loading. ICW 3 consisted
of five cells, while ICW 11 comprised four cellshf cells have a linear sequential
arrangement with a single influent entry point kecain the first cell. The water

between cells is conveyed through PVC pipe (dianaté8 cm).
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7.5.2. Water quality

The water quality in both case study systems has beonitored since
operation began in 2001 (Scholz et al., 2007). DRaliected between 2007 and 2008
were used for this study. Inflows and outflows tacle cell were sampled
approximately every two weeks. Water analysis farameters including standard
five-day biochemical oxygen demand (BOD), chemioalgen demand (COD),
suspended solids (SS), ammonia-nitrogen, nitrdtegen and molybdate reactive

phosphorus (MRP), was conducted as discussed pierhé 4.7.1.

7.5.3. Application of molecular tools
In April 2008, litter and sediment samples werdemted from both ICWs.

Duplicate litter and sediment samples were colttétem each wetland cell, details

of which have been described in chapter 4, sedtién

Deoxyribonucleic acid extraction and purification f rom litter and
sediment. The duplicate sediment and litter samples werejestdd to

deoxyribonucleic acid (DNA) extraction as discussedhapter 4, section 4.7.3.1.

Polymerase chain reaction (PCR) amplification. The ammonia-oxidising
bacterial community was investigated using forwadd reverse primers as
described by Kowalchuk et al. (1997) while the thd@ying bacterial community
was assessed using functional gene primers. Pogmeahain reaction amplification
was undertaken using the respective forward andrsevprimers as discussed in

4.7.3.2.
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Denaturing gradient gel electrophoresis (16S rRNA, nirK and nirS
genes). The PCR products generated using different prinvggse analysed by

denaturing gradient gel electrophoresis as discuiss.7.3.3.

Sequencing. The DGGE bands were excised using a sterile tipsagdencing was

carried as outlined in section 4.7.3.5.

7.6. Analysis of DGGE data

The scanned images of DGGE gels were analysed ubmdgollowing
procedure: Stained gels were viewed using an udtetvtransilluminator (UVP, San
Gabriel, California, USA) and photographed with @aPoid camera (CU-5, GRI,
Great Dunmoor, Essex, UK). The presence and intensithe bands in the DGGE
gels were analysed using Bionumerics 4.0 (Appliedtid BVBA, Keistraat,
Belgium). The software produced normalized commogi¢ls with reference to
markers included on the DGGE gels (van VersevettlRdling, 2004). Subsequent
analysis was carried out by exporting the band-hiagcdata to a Microsoft Excel
spreadsheet. Bray-Curtis similarity matrices, fenmfmetric multi-dimensional
scaling (MDS) were constructed using Primer 6 fanfféws (Version 6.1.5, Primer-
E Ltd, Plymouth, UK), and later followed by analysif similarities (ANOSIM)
using the band designation as variables of pressmt@bsence to ascertain
statistical significance (Clarke and Warwick, 2001)

The Bray-Curtis (BC) index is often used to detemnsimilarities between

samples. MDS produces plots by clustering of simslamples. To verify if the
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observed clusters are statistically significanpa&r wise ANOSIM is conducted on
the similarity matrix. The ANOSIM calculates an Rdsstic by comparing the mean
distances within user-defined groups and betweenpy. R-statistic takes values
between 0 and 1. AR value of 1 indicates that the communities are detefy
different among defined groups, andRaof O indicates no difference among groups.
The number of DGGE bands for the ammonia-oxidisamgl denitrifying
bacteria were compared with each other. The natutee assembly of the bacterial
community within the two ICW was evaluated usingnathodology proposed by
Simberloff (1978), using the Raup and Crick ind&ayp and Crick, 1979). Band
intensity data, obtained using gel analysis sofw@ionumerics 4.0), was used for
the calculation of the band relative abundance {pig band frequency was obtained
by dividing the number of samples for each bandHgytotal number of samples.
Each band in the DGGE gel was assumed to be aratopel taxonomic unit
(OTU). The Shannon-Weaver diversity indéx equation 7-1), was also computed
to determine and compare the diversity of microbeahmunities.
H =Y (p)(log p) (7-1)
whereH is the Shannon-Weaver diversity index, andsgalculated ag; /N, where

n; is the band intensity for an individual band andthe sum of band intensities.

7.7. Theoretical framework

Until the past decade, the science behind bioldbgi@stewater treatment
systems in the field of environmental engineeriragwnostly empirical without any
theoretical underpinning. In contrast, in the damaf civil engineering, after the

failure of several engineered structures, the tirat engineers have applied the
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laws of physics to their designs, marking a newadraafe and sound structures, in
which empirical design is coupled with theory (Cuet al., 2003). However, in the
realm of biological wastewater treatment systenigre is no comprehensive
theoretical foundation to steer design. Prossed.e2007) suggested that with the
increasing dependence on specific microbial prasess wastewater treatment, it is
incumbently essential and crucial to understand fiors that control these
processes. This can be attained by generating ythiat is based on existing
observations and subsequently validated by expetsnéccording to Curtis et al.
(2003), the last major theoretical advances in @&@ater treatment engineering were
made more than four decades ago in the 1960s bynibgwet al. (1964) and then

Lawrence and McCarty (1970).

7.7.1. Existing theories

Various theories exist in ecology, such as the theb island biogeography
which describes the processes of community asse@ebdénd development, or
nonlinear growth dynamics which explains the impaat the nonlinear nature of
biological growth on process stability. These tleorcan assist in improving the
better understanding of biological wastewater megit systems. In real-life
conditions, there are millions of individual cells each micrometer that form a
consortium of microorganisms on biofilms in engireek (conventional wastewater
treatment plants) and semi-engineered (wetlandesys The fluctuating diversity
of this microbial community leads to fluctuatingrfmemancesn full-scale treatment

systems which often comprise reactors of hundrédsluc meters volume.
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However, there is a poor understanding of the alseof microbial communities

within wastewater treatment systems.

7.7.2. Engineered biological systems

There is a need to test models of microbial comtguassembly to achieve
the objective of rationally engineered biologicgbtems. There are two models of
microbial community assembly: (a) The microbial counities may arise through
the selection of specific organisms that are beddpted to the surrounding
conditions in a biological wastewater treatmentesys(deterministic selection); and
(b) The microbial communities may arise through ignation by organisms present
in the peripheral environment, and the class oaoigms that colonise a biological
wastewater treatment system is dictated by theivadrand propagation within the
system (stochastic selection). Both Raup and C{l&9) and Simberloff (1978)
suggested that to test whether similarities in comitres observed for two systems
are a result of deterministic selection, the obsérgata must be statistically tested
against a null hypothesis. The null hypothesis o tstudy is that community
composition similarity would be no greater or sraathan if they had been randomly

drawn from the same source of taxa.

7.7.3. Raup and Crick indices

The Raup and Crick index of similarity evaluates tibserved number of
species common to two sites with the number of isgecommon to two sites that
would be expected if they were selected randondynfthe source population. The

differences between the two data (observed andraisgd) correlate with the level
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of similarity or dissimilarity between the two steThe similarity index can be
defined by the probability that the expected sintjfavould be greater than or equal
to the observed similarity. Thus, a similarity valoetween 0.05 and 0.95 indicates a
random occurrence of the same organisms in two lesmiereby validating the null
hypothesis. In contrast, values below 0.05 and @b@®5 indicate deterministic
selection thereby falsifying the null hypothesig(igR and Crick, 1979).

The Raup and Crick index is generated from presemcabsence data
supplied by DGGE gels. The calculation is done gisire PAST (PAlaeontological
STatistics) programme (Hammer et al., 2001). Fergtudy, the Raup and Crick
indices were calculated and used to compare the B@®&a from within and
amongst the ICW. Simberloff (1978) suggested tbatétermine whether island
colonisation was stochastic, two different typesdafa could be used. Type 1 data
consist of a species list, sampled for the grouglahds on one visit, while Type 2
data is a species list for the same island, samgtlsdccessive times. For this study,
Type 1 data were collected; i.e. samples were aeke from a group of islands

(wetland cells) forming the archipelago (wetland)ame visit.

7.8. Treatment performance

The inflow and outflow water quality for the two thends is summarised in
Table 7-1. The values show the very high variapibt the farmyard water entering
the two ICW systems. For ICW 3, the mean changedsat the influent and effluent
was 96.60% for ammonia-nitrogen and 74.31% foratetnitrogen, while for ICW
11, removal efficiencies of 98.65% and 67.53% fomenia-nitrogen and nitrate-

nitrogen, respectively, were recorded.
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Nitrogen concentrations in different cells of titICW systems is shown in
Figure 7-4. Most of the nutrients are removed i filst two cells of both systems.
For example, in ICW 3, approximately 88% of nuttieemoval takes place in the
first two wetland cells. In the last wetland cele( cell 4) of ICW 11, the nitrate
concentration was higher compared to the ammoniiag@n concentration implying
that microbial diversity and vegetation cover maydnan impact on the removal of
nitrogen compounds in the ICW. The ammonia-nitrogencentrations within the
two wetland systems decreased progressively fromnitflow to the outflow as
wastewater passed through the various wetland ioglisating stable nitrification in
both systems.

There were fluctuations between the inflow and lowif nitrate-nitrogen
concentrations for both systems. For ICW 3, theabé-nitrogen concentration

decreased from 2.38 mg/l to 0.079 mg/l betweenfitse and second wetland cell,

Table 7-1. Mean influent and effluent water chasdstics and
corresponding reduction rates (RR %) for the sulidieegrated constructed
wetlands 2007-2008.

] ICW 3 ICW 11

Parameter Units

Inlet Outlet RR Inlet Outlet RR
Temperature °C 129+258 134+3.95 - 13.8 + 3.06 14.9+4.28 -
pH - 6.76 £0.87 7.27+0.95 - 8#0Q.73 7.37+£0.54 -
EC pS/cm 1190 +1092 359 + 100 - A4660 373+44.1 -
SS mg/l 411 +705 8.46+9.39 979 84A711 15.2+29.7 80.5
BODs mg/l 641 +1767 6.77 +£5.14 98.9 5946 5.78 £5.10 99.0
COD mg/l 2079 +3817 88.5+28.3 95.7 1341207 50.3+27.4 96.2
NHs—N mg/l 44.6 +34.6 1.51+1.87 96.6 28.6+33.1 0.39+0.898 98.6
NOz;—N mg/l 2.39+£3.89 0.61+1.45 745 260+3.05 0.83+1.44 68.0

EC, electrical conductivity; SS, suspended solidsPBéve-day biochemical oxygen demand; COD,
chemical oxygen demand; N, nitrogen
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but subsequently increased to 0.56 mg/l betweers¢hend and third cell, and then
decreased progressively between the following pafirsells. However, there was a
marked increase in the final effluent concentrgthich was 0.61 mg/l. Also for
ICW 11, there were also fluctuations in the nitraittogen concentrations following
almost the same pattern as for ICW 3. The meanownflnitrate-nitrogen
concentration was 2.57 mg/l, and the correspondirtow concentration was 0.83
mg/l. There was a high reduction in nitrate-nitnogencentration (>96.6 % for ICW
3; >93.7% for ICW11) in the first wetland cell obth ICW systems. Denitrifying
bacteria are mostly regulated by the availabilityomyanic matter (Bastviken et al.,
2003). In the first cells, the high organic loadiogupled with dense vegetation
stands and associated litter provided large surémeas for the growth of biomass
associated with attached biofilms. These factorsillvdhave created conditions,
which are favourable for denitrification, and reswg in an effective reduction of the
nitrate-nitrogen concentrations in the first c@lhere was an abrupt increase in
nitrate-nitrogen concentration between the secamdl third cells, but the pattern
reversed for the following cells except for thetlaell of both systems. This
observation indicates an increase in nitrate-négrogoncentrations at the outflow.
The increase of nitrate-nitrogen concentration ketwthe second and third
cells may be because of lower organic matter abgitya as most of the BOD
(>85%) has been reduced through biodegradationheiriitst cell of the ICW system
(Mustafa et al., 2009). Subsequently, as the sydieosomes stable, there is a
progressive decline in the concentration of nitrateogen. The high concentration
of nitrate-nitrogen within the outflow may be besauwf the impact of vegetation.

Ibekwe et al. (2007) reported that in a free swfaetland, a treatment pond with
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Figure 7-4. Mean nitrogen concentrations in varioalis of integrated constructed
wetlands (a) ICW 3 (b) ICW 11. Error bars indicatendard error.

50% plant cover had a nitrate removal efficiencp6{3%. The last wetland cells of
both systems had very low vegetation densities (<xd%is is most likely the reason

for the high nitrate-nitrogen concentrations in theflow.
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Even though ammonia removal efficiency was goodall/€96.6% for ICW
3 and 98.6% for ICW 11), the specific nitrate prcitan rate was much lower than
the ammonia consumption rate in the ICW. This iatlis that full nitrification did
not consume all of the ammonia (Table 7-2). Moreowérite was not detected in
any of the samples measured along the transecheofl@W systems. Loss of
ammonia through volatilisation is also unlikelynse the pH was < 8.5 in all cells of
the ICW. It is therefore probable that the ammowias biologically removed,

through a combination of diverse mechanisms.

Table 7-2 Nitrogen removal and conversion rates passible mechanisms for

nitrogen removal in each cell of the integratedstarcted wetland ICW 11

Cell 1 Cell 2 Cell 3 Cell 4
% of total NH-N 90 54 42 21
removed
NH4-N removal rate
(mol g/BOD.h) 0.014 -0.004 0.025 0.008
NOs-N production rate
(mol g/ BOD.h) 0.0013 -0.0008 0.00003 0.0001
% Accounted for by full 9 17 013 5
nitrification '
% Accounted for by 91 83 99.87 98

other means

7.9. Bacterial community compositions

The use of CTO (primer used to characterise AORB) amctional gene
primers in PCR-amplification of DNA extracts fronttér and sediment samples
from both ICW gave products of the expected siznding patterns from litter and
sediment samples were analysed using Bionumeritsafiware (see above). The

litter and sediment samples had their own uniquilps, indicating variation in
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microbial community composition between the two poments and also amongst

various cells of the two wetland systems.

7.9.1 Ammonia-oxidising bacteria

DGGE analysis of the PCR products yielded patteomsisting of one to five
bands. The ICW cells exhibited variation in the dagratterns. A more diverse
population was noted for litter compared to seditreamples. Interestingly, both
Nitrosospira and Nitrosomonaspopulations were detected in the ammonia-rich
environment of the two wetland systems. The ligemples from ICW 3 had one
dominant band (C2) migrating in the range Nifrosomonassp. Nm59, while
samples from ICW 11 had two dominant bands (C5@®@)dmigrating in the ranges
of Nitrosospirasp. Nspl2 andNitrosospirasp. En271. The dominating band C2
exhibited 97 % similarity tdNitrosomonassp. Nm59. Bands C5 and C6 showed
signs of 99% and 100% similarity titrosospirasp. Nsp12 andNitrosospirasp.
En271, respectively (Table 7-3a). Overall, tiNibrosospiralike sequences and only
one Nitrosomonadike sequence were detected in the litter andnsedi samples.
Sediment samples from the two systems had one @mnivand migrating in the
range ofNitrosospirasp. Nsp12. The dominating band C1 exhibited 10€lr#dlarity
to Nitrosospirasp. Nspl12. Sundberg et al. (2007) also reportegthsence of only
Nitrosospiralike populations in sediments of a compact comséa wetland treating
landfill leachate. Ibekwe et al. (2003) reportedttisubsurface horizontal flow
wetlands treating dairy wastewater had gred&t#grosospirasp. diversity. They
showed that the majority of the wetland samplesewgrylogenetically related to

Nitrosospiraand clustered into two main groups, including tbiaNitrosospirasp.
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strain Nsp12, which was also detected in the sedimed litter samples of the
present study.

The first, third and last cell of ICW 3 containedtlv Nitrosospirasp. and
Nitrosomonassp. populations, while the fourth cell containedlyaNitrosomonas sp.
Nm59. Nitrosospira sp. was detected in the first, third and fourtiiscevhile
Nitrosomonassp. was detected in the second cell of ICW 11.eBdvprevious
studies have suggested that environmental factach ss salinity and ammonia

concentrations determine the presence of certamama-oxidising bacteria.

7.9.2. Denitrifying bacteria

DGGE analysis of the PCR products yielded patteamsisting of one to ten
bands fomirK (PCR product bands not shown). There was a vanidietween the
ICW cells in the band pattern, and more diverseufamns were observed within
litter as compared to sediment samples. One tdainds fomirS were noted. The
litter samples from both ICW systems 3 and 11 hael dominant band (C21-nirK)
migrating in the range oRhizobiumsp. R-24663. The dominating band C21
exhibited 82% similarity to th&hizobiumsp. R-24663There was one dominating
band visible (C25-nirS) migrating in the rangeBdchloromonasp. R-28451. The
dominating band exhibited 90 % similarity Bechloromonasp. R-28451 (Table 7-
3b).

With regards tanirK- and nirScontaining denitrifier bacterial communities,
Paracoccus, Pseudomonas, Rhizobiand Dechloromonaswvere identified in the
samplesParacoccusand Dechloromonasvere present in all samples collected from

the five cells of ICW 3, while in ICW 11 sampl®seudomonasvas detected in
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addition toParacoccusandDechloromonasPseudomonaandDechloromonasvere
detected in the first two cells of ICW 11, whiler fihe third and fourth cells only
Dechloromonasvas identifiedwhereadParacoccusvas detected in the first, second
and last cell of ICW 11Dechloromonasvas identified in the samples collected from
all wetland cells of ICW 3.

Paracoccudike bacteria were detected as the dominant giaupediment
samples collected from the various cells of ICWn8 &CW 11. Neef et al. (1996)
reported that the genuBaracoccuswas responsible for the high denitrification
activity in a denitrifying sand filter reactoParacoccudike bacteria use reduced
sulphur compounds for electron donors during thatdication process. It is most
likely that reduced sulphur is present within tlod and sediments of ICW, which
are similar in this respect to other wetland syst¢kmight and Wallace, 2009).

The litter samples collected from cells 1 to 5 &W 3 contained
Dechloromonasand various uncultured bacterRseudomong®Dechloromonasind
uncultured bacterial strains were detected in its¢ fiwo cells of ICW 11, while the
third and fourth cells containebechloromonasFor ICW 11, only one strain of
Dechloromonasvas identified in the last cell 4, which had oBP6 vegetation cover
and a higher concentration of nitrate comparedntonania-nitrogen implying that

diversity and vegetation has an impact on the rehofvnitrogen compounds.

7.10. Community diversity changes within and
amongst wetland systems

7.10.1. Diversity index

The DGGE data were assessed using two approadhdichness, Evenness

and Shannon-Weaver diversity indices, and (2) n@trim multidimensional
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scaling (MDS) ordination plots. The Richness, Evwmand Shannon’s diversity
indices revealed significant differences betweenttio contrasting ICW ecosystems.
The overall mean diversity of litter and sedimeamples for the three genetic
populations was 1.38 for ICW 3 compared to 1.50@W11 (Table 7-4; p<0.05). In
general, ICW 11 had higher diversity indices coregato ICW 3. The Shannon-
Weaver diversity indices in the litter samples whigher than those for sediment
samples. For ICW 3, the diversity of ammonia-oxidjsbacteria and diversity of
nitrite reductasenirK and nirS) gene fragments were higher in samples collected
near the outlet than those collected near the ofl¢he wetland system. In contrast
for ICW 11, the diversity was higher near the irtedn the outlet. For both systems,
the bacterial diversity was higher in the littearththe sediment samples. Based on
the Shannon-Weaver diversity index, the data indacahat litter had the most

diverse group of denitrifying bacteria.
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Table 7-3. Sequence analysis of bands excised B@GE gel derived from bacterial 16S rRNA extractemn wetland sediment and litter

samples (a) Ammonia-oxidising bacteria

ICW 3 ICW 11
Accession Lo .
Sequence Clin C2In C3In C4in C5In CBEf Clin C2In C3InC4In CA4Ef number % Similarity Strain

L S L S L SL SL SLSULSULSUL SL s L s
C1 + + + AY123801 99 Nitrosospirasp. Nsp12
co AY123811 98 Nitrosomonasp. Nm59

+ + + + +
C3 + + + D@zB0 100 Methylophilussp.
ca AY123811 97 Nitrosomonasp. Nm59

+ +
5 AY123801 99 Nitrosospirasp. Nsp12
+ + + o+ + +

C6 + + AY7231 100 Nitrosospirasp. En271
Cc7 + + AYZE65 98 Methylophilussp.
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(b) Denitrifying bacteria

ICW 3 ICW 11 A , o
ccession 0 .
uence Clin C2In C3In C4Iln C5In C5Ef Clin C2In C3InC4In CA4Ef Lo Strain
Seq number Similarity
L S L S L SL SL SLSL S L SL S UL S L S
nirk
cs + + + + + + + ElB024 81 Uncultured denitrifying_bacterium clor)e T23 D5 itér
reductase (nirK) gene, partial cds
c9 + + + E\3024 81 Uncultured denltnfymg_bacterlum clor)e T23 D5 itér
reductase (nirK) gene, partial cds
C10 + + + FOL86 86 Pseudomonas aeruginokESB58 complete genome sequence
c11 + ANRAT 78 Pseudomonas aeruginostrain DN24 copper-dependent nitrite
reductase
Uncultured bacterium clone LK22mK-28 nitrite recass (nirK)
C12 * 28601 100 gene, partial cds
C13 + + + + + + + AMZES7 77 Paracoccusp. R-26824 nirK gene for nitrite reductase
cl14 + D326 96 Uncultured bacterium clone T_1R2_0-7cm_038 NirK Kir
gene, partial cds
c16 + + + + ANBUSS 89 Unculturgd organism parna! n_|rK gene for putatbegpper
containing dissimilatory nitrite reductase, clorne28
ci8 + + + BEG16 86 Uncultured bacterium cI_one P1m_nirK-33 nitrite rethise
(nirk) gene
C19 + + + + D&Y 94 87 Uncultured bacterium clone S12m_nirK-38<NhirK) gene
c21 + + + + + + + + + + AB2332 82 Rhizobiumsp. R-24663 nirK gene for nitrite reductase
c22 + RYT62 89 Uncultured bacterium clon_e P7m_nirk-25 NirK-lker{q) gene,
partial sequence
DO Uncultured bacterium clone Ag100-6 putative nitriéductase
c23 * * * * * * * * 04 88 (nirK) gene, partial cds
nirS
Thauera terpenicatrain 21Mol putative dissimilatory nitrite
ca4 * ANER67 85 reductase (nirS) gene, partial cds
C25 + + + + + + + + + + ABO19 90 Dechloromonasp. R-28451 nirS gene for nitrite reductase
C26 + + ABMO13 84 Dechloromonasp. R-28400 nirS gene for nitrite reductase
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Table 7-4 shows the Richness, Evenness and Shandorérsity indices of
CTO, nirK and nirS in ICW. The mean Shannon’s diversity indices aiCCin litter
samples were 0.58 and 0.68 for ICW 3 and ICW 1&peetively. The Shannon’s
diversity indices ohirK andnirS in litter samples were 1.78 and 2.05 for ICW 8 an
2.04 and 2.31 for ICW 11, respectively. For sediteethe Shannon’s diversity indices
of nirK and nirS were 0.49 and 2.01 for ICW 3 and 0.89 and 1.601&W 11,
respectively. Statistical analysis showed thatdirersity in ICW 11 was higher than in
ICW 3 for two genes; CTO amdrK. The nirS diversity index of ICW 3 sediment was
higher than that of ICW 11. This may be due tohfgher nitrate concentration at the

inlet of ICW 11, 2.60 mg/I compared to 2.39 mgh F[GW 3.

Table 7-4.

communities in sediment and litter of the ICW sgsgmean + SD)

Diversity indices for the ammonia-ogidg and denitrifying bacterial

Primer/ ICW no./ Richness Evenness Shannon’s

Genes Component (H)

CTO ICW 3/ litter 217 +1.17 0.91 £ 0.05 0.58 50
ICW 11/ litter 3.50 +£2.45 0.85 +0.03 0.68 £ 0.80
ICW 3/ sediment 1.00 £ 0.00 - -
ICW 11 / sediment 1.00 £ 0.00 - -

nirk ICW 3/ litter 8.42 £3.22 0.85 + 0.09 1.70+6.4
ICW 11/ litter 10.5+2.86 0.87 £0.05 2.02+0.20
ICW 3/ sediment 1.83x+0.75 0.92 £ 0.05 0.7420.
ICW 11 / sediment 4.00+3.24 0.79 £ 0.09 1.12730

nirS ICW 3/ litter 9.86 + 2.37 0.90 £ 0.03 2.00+D.2
ICW 11/ litter 11.71+2.41 0.90 £ 0.03 2.19+0.18
ICW 3/ sediment 10.0 + 4.58 0.90 £ 0.04 2.014¢0.
ICW 11 / sediment 7.40+451 0.86 + 0.09 1.60680
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Ruiz-Rueda et al. (2007) reported that sedimentpgzsnfrom high nitrate
conditions at the inlet of a constructed wetland t@wver nirS diversity. Furthermore,
thenirS diversity was higher than thatmfK in both ICW systems. Compared to other
studies, the diversities afirK and nirS in ICW systems were lower than those in
natural environments. Priemé et al. (2002) studresl diversity of nitrite reductase
(nirk andnirS) gene fragments in forested upland and wetlanid soid reported high
diversity indices omirK andnirS of 3.55 and 5.27, respectively. This may be due t
differences in carbon source in the semi-engine#& environment and the natural
soil environment. However, therS diversity for both ICW 3 and ICW 11 was > 2 and

was similar to the value reported (2.015 maximugnRbiz-Rueda et al. (2007).
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Figure 7-5. Mean relative removal efficiency ofraie and the corresponding diversity
indices (irK andnirS) in various cells of ICW 3. RE, removal efficign€V,

coefficient of variation.
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The difference in nitrite reductase gene diverségween ICW 3 and ICW 11
may be because of the different soil and plantaittaristics of the two systems. The
dissolved oxygen concentrations may also haveenfied the diversity as it plays an
important role in controlling the denitrifying conumity structure. Comparing the
nitrogen removal efficiencies of ICW 3 and ICW 1ie removal efficiency of ICW
11 was found to be more stable over the period ohitaring. The influence of
diversity on the stability of wastewater treatmprdcesses is debatable; Rowan et al.
(2003) have suggested that the level of bacteriarsity within a wastewater
treatment facility has a major influence on procassility. In this study, the relative
removal efficiencies (expressed as coefficientarfation) indicated high variability

(Figure 7-5).

7.10.2. Multidimensional scaling analysis of banding patterns

Differences between bacterial community structungthin the two ICW
ecosystems were monitored and analysed using theation technique Non-metric
Multidimensional Scaling (MDS) to understand thdatienship between the
bacterial community and the ICW nitrogen removaflqenance. MDS is one of the
several methods that tackle the problem of noralimelationships, and was selected
because it does not make any of the distributipaskulations, of other ordination
technigues. Hence, MDS is more appropriate forrenmental data (McCune and

Grace, 2002). In the MDS plots, the distance betvike points
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Figure 7-6. Multidimensional scaling analysis of ndiring gradient gel
electrophoresis profiles of (a) nirS and (b) niMdgments derived from ICW 3 and
ICW 11. Coloured symbols indicate sediment (gre@gangles) and litter samples
(blue inverted triangles). The position of symbslsow the differences between
DGGE profiles based on their distance in a two-disi@nal plot. Distance was
derived from Bray-Curtis similarity coefficientslcalated from the DGGE profiles.
The enclosed elliptical shapes represent percenlasity amongst the samples; light
green 20%, blue 40%, cyan 60% and red 80%. 11\%/ 1@ cell 2; ICW, integrated

constructed wetlands.
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reflects the similarity of the DGGE profiles at @&en sampling time. Similar
community structures are closer together. The MDdfsor the nitrogen-cycling
bacteria are shown in Figure 7-6.

Figure 7-6 a and b show that the samples from wlee dites formed tight
clusters that were separate from each other indiwensional space. The MDS map
indicates that there were distinct microbial comities with respect to site and
source (sediment and litteNevertheless, the communities in the two wetlanekssi
are on the whole no more similar or different thfathey had been assembled by
chance. Many of the highly abundant taxa were fanndost of the wetland cells.

Figure 7-7 looks at the similarities in microbiabnemunities along the
transect in the direction of flow from cell 1 tolice of ICW3. For example, litter

communities in cell 1 and 2 are distinct, i.e. ¢hisra shift in litter community. In

2Dstress: 0.14

LW3-C5-Oui L-W3-L5-0uis

SWIC1RBE
SWI-G2-lal

Figure 7-7. MDS analysis of DGGE profiles of 16 S\¥Rgene fragments derived
from ICW 3.
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contrast the sediment community looks more simifar, example the sediment
communities in cell 1 and cell 2 are the same. @lijethe MDS plot shows
significant differences in litter communities betmethe wetland cells.

A comparison of the two groups of nitrogen removioagteria by ANOSIM
confirmed that the communities among the two ICWywas the R statistic was >0
(Table 7-5). There were significant differencesthie nitrogen removing bacterial
communities between replicates, the communitielCW 3 and ICW 11, and the
communities present in litter and sediment. Howgevitle biggest statistical

difference was between sample source i.e. sediorditter.

Table 7-5. Results of analysis of similarities didiferent factors.

Factors p R-statistic Stress

Ammonia-oxidising bacteria

Between replicates <0.040* 0.405 0.01
Between ICW3 and ICW11 <0.007* 0.311 0.01
Between sediment and litter <0.070* 0.248 0.01

Denitrifying bacteria (niK)

Between replicates <0.001* 0.535 0.14
Between ICW3 and ICW11 <0.032* 0.109 0.14
Between sediment and litter <0.007* 0.140 0.14

Denitrifying bacteria (nif)

Between replicates <0.007* 0.407 0.26
Between ICW3 and ICW11 <0.267 0.025 0.26
Between sediment and litter <0.001* 0.279 0.26

ICW, integrated constructed wetland; Significanglysis of similaritiesSANOSIM)
results are denoted by *
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7.11. Microbial community assembly

7.11.1. Raup and Crick indices

The average values of the Raup and Crick indicésirdd from comparison
of both ICW 3 and ICW 11 litter samples were 0.58.25 for the ammonia-
oxidising bacterial communities and 0.54 + 0.26 ar&# + 0.26 for the denitrifying
bacterial communitieqirK and nirS, respectively. The average indices values for
sediment samples were 0.60 + 0.27 for the ammaxi@ising bacterial communities
and 0.86 £ 0.17 and 0.61 £ 0.22 for the denitrigybracterial communitiesirK and
nirS genes, respectively. The finding supports thehydothesis of this study which
proposes that the microbial communities in the twailand systems were no more
similar or different than if they had been stocluady assembled from the same taxa
source. Baptista et al. (2008) also found thatrtherobial diversity of laboratory-

scale wetlands appeared to be randomly assembled.

7.11.2. Comparison of microbial communities between the
ICW cells

The Raup and Crick indices for both ICW 3 and ICWIlitter samples were
between 0.05 and 0.95 for the three genetic papaatCTO,nirS andnirK (Figure
7-8b). There was no significant similarity (>0.35)cept for one pointnfrS gene),
cell 4 of ICW 3, and also no significant dissimitgr(<0.05) between cell 1 and
subsequent sampling points. Overall, the data sigfeat the similarities in
ammonia-oxidising and denitrifying bacterial comnti@s in different cells of the

two ICW systems are no greater than can be acaddmtdy chance.
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Figure 7-8. A comparison of Raup and Crick indides the three bacterial

populations (a) sediment (b) litter

For sediment samples, the Raup and Crick indicebdth ICW 3 and ICW
11 were between 0.05 and 0.95 for the three gepepalations, CTORirS andnirK
(Figure 7-8a). There was no significant similaift.95) except for one poinhifK

gene), cell 2 of ICW 3, and also no significantsdislarity (<0.05) between adjacent

sampling points. Overall, the results suggest that ammonia-oxidising and
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denitrifying bacterial communities in different ksebf the two ICW systems were

stochastically assembled.

7.11.3. Comparison of microbial communities down the ICW
profile

The Raup and Crick indices for both ICW 3 and ICtvwlere between 0.05
and 0.95 for all sampling points for the three dgienpopulations except fonirK
gene (cell 1 and adjacent sampling point) of ICW(Ribure 7-9). The data suggest
that selection for ammonia-oxidising and denitrfyibacteria in ICW was random.
There appears a gradient in AOB and DNB diversiynl the profile of ICW as

clearly shown in Figure 7-9. Rowan et al. (2003pateported a gradient in AOB
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Figure 7-9. A comparison of Raup and Crick inditmsthe ammonia-oxidising and
denitrifying bacterial DGGE data (litter sample®tween cell 1 and the adjacent

sampling points.

diversity down a reactor. However, they reportexilsirities in AOB communities as

statistically greater than could be expected frtwannce, i.e. non-random, contrary to
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the results of this study. The difference may be tuthe controlled conditions in
fully engineered wastewater treatment reactors ewatpto uncontrolled conditions
in semi-engineered treatment wetland systems fékposed to the natural

environment.

7.12. Summary

For ammonia-oxidising bacteria, bolMitrosospira and Nitrosomonaswere
detected in the wetland systems studied. The dfgimity bacteria, Paracoccus,
Pseudomonas, Rhizobiunand Dechloromonas were identified. There were
considerably diverse populations of nitrogen remgvibacteria in the studied
wetland systems compared to conventional wastewaatment systems. The litter
component of the two wetland systems supported rdw&rse nitrogen removing
bacteria (ammonia-oxidising and denitrifying) thahe sediments. Nitrogen
removing bacteria in the two full-scale wetlandteyss appeared to be stochastically

assembled from the same source community.
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Chapter 8 Application of self-organising
map model

8.1. Introduction

This chapter presents the application of the sgéising map (SOM)
model for the prediction of full-scale integrateanstructed wetlands performance.
The model was used to predict outflow nutrient @mtchemical oxygen demand
concentrations in order to assess protection ofivewy watercourses. The SOM
model was also utilised to fill in the missing vaduand replace outliers from the
ICW data set. The contents of this chapter have peablished as research articles in
Water Research and Bioresource Technology.

More specifically, section 8.2 describes the aggion of neural networks to
wastewater treatment systems. Section 8.3 desdtigeaims and objective of this
chapter. Section 8.4 describes the SOM model. @eci8.5, 8.6 and 8.7 show the
model application for prediction of BOD and nuttignand filling missing values

and replacing outliers in the ICW dataset.

8.2. Application of artificial neural networks

In the realm of engineering, conventional approadbemodelling depend on
mathematical tools such as differential equatiams taansfer functions. These tools
emphasise exact description of each quantity iredland are suitable when the
system is simple or well-defined. When the systemdar consideration is

complicated like treatment wetlands, mathematioalst become less effective. To
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overcome problems faced by conventional modellmayral network modelling has
been proposed as a feasible option and successpiyied in different areas
including wastewater treatment engineering wheneventional approaches fail to
provide satisfactory solutions.

In ICW systems various biochemical reactions tdkegthat remove organic
matter and nutrients through processes such akdmnacal oxygen demand removal,
nitrification, anammox and denitrification. Withdreasingly stringent regulations of
effluent quality, process monitoring and controbimler to meet the requirements of
the Water Framework Directive (WFD), the control effluent has become more
important.

The wastewater treatment occurring in the ICW haisjue characteristics.
Variable flows and concentrations of contaminamiereinto systems making them
dynamic. Moreover, the constructed wetland systéessgned and commissioned in
different parts of the world have variable perfonmoes and because of this
unpredictability, the knowledge and experienceirih from one system cannot be
applied to another. The performance of ICW depaemdsany factors, for example,
the variability between design and type, influentl daydrologic conditions, aquatic
plant type and local climate.

Various parameters like BOD, COD, SS, NN, NOs-N and MRP are
monitored for maintenance purposes, efficiency @atbn and compliance with
standards (Lee et al., 2005; Scholz, 2006). Aréifioeural networks (ANN) have
proven useful for describing extensive scientifatasets, and are especially capable
of solving nonlinear relationships which cannot giynbe explained by explicit

mathematical models. Therefore, the Self-Organidvap (SOM), which is an
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artificial neural network has been used as a ptiedi¢ool.
Kohonen (2001) classified neural network architexinto three categories:
1) Feedforward networks
2) Feedback networks
3) Unsupervised networks

In the feedforward networks, sets of input sigraais transformed into sets of
outputs. The transformation is determined by exersupervised adjustment of
parameters. In feedback networks, the input infeionadentifies the initial activity
of the system. After state alterations, the asytigpfmal state is defined as the result
of the computation. In the last category of unsuiged (self-organising) networks,
neighbouring neurons in the network compete anceldevrecursively particular
detectors for different input signal patterns. S@M\n unsupervised neural network
technique.

Modelling and predicting treatment processes isigant for elucidating the
complex nutrient removal mechanisms, and assesgiagcorresponding water
treatment potential of ICW. It is necessary to maaal predict the nutrient removal
processes in order to optimise the design, operat@mnagement and water quality
monitoring strategy of an ICW. An important modémnais frequently to predict
expensive and time consuming to measure parameserg other parameters, which
are more cost-effective, quicker and easier to nread_ee and Scholz, 2006). For
example, biochemical oxygen demand (BOD) is an ntamd parameter to
characterize the biodegradable components of argaaiter in wastewater, but it is
time-consuming to measure (at least five days).Virater quality real time control

purposes, an accurate inferential model for BORlipt®mn is therefore required.
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Data quality is also a crucial factor for modellingecause it affects the
accuracy of the corresponding modelling resultgdneral, it is difficult to assemble
a large, robust and multivariate dataset. No madttav well an experiment is
planned, there will always be times when somethyjogs wrong unexpectedly,
resulting in gaps and outliers in the data (Burk®99). Since most conventional
modelling approaches require complete input dagaseissing values and outliers
will therefore require a reduction in data avaialdbr subsequent modelling.
Therefore an appropriate method for filling missirjues and replacing outliers is
required. For example, the self-organising map ($@hbdel is not affected by
missing values, and can process with incompletaitigatasets. Based on this
characteristic, a SOM model can be developed fanemmplete data set to predict
missing values in the input dataset.

The self-organising map is based on an unsupervisagral network
algorithm and has been used to analyse, clustemadkl various types of large
databases (Kohonen et al., 1996; Lee and Schalf; 2(alteh et al., 2008). Astel et
al. (2007) and Scholz (2008) applied SOM modelsasssfully for classification of
large water and environmental datasets. The SOMema¢hich has not been as
often implemented in water treatment process cormtirategies in comparison to
traditional neural networks, was successfully ukedhe first time as a prediction
tool for heavy metal removal in constructed wetlaydtems by Lee and Scholz
(2006). The SOM model has also been used succlgssbupredict water quality
parameters in activated sludge wastewater treatiplants (Rustum and Adeloye,

2007; Rustunet al, 2008).
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However, the SOM model has never been applied tdeinand predict the
nitrogen and phosphorus removal efficiencies witbamstructed wetland systems
such as ICW. The model can be used by wetland eaggrand managers to monitor

wastewater treatment processes in ICWSs.

8.2.1. Self-organising map

The self-organising map (SOM) is a neural netwoddel and algorithm that
implements a characteristic non-linear projectiamt the high-dimensional space of
sensory or other input signals onto a low-dimerai@nray of neurons (Figure 8-1),
and has been widely applied for visualisation ahelnsional systems and data
mining (Kohonen et al., 1996). The SOM is a contpetilearning neural network

and based on unsupervised learning, which meahsahauman intervention is

‘ .\ ’ . ’ , , , High—iigigsional
/]

Mapping

Neurons

Low-dimensional
space

Figure 8-1. Mapping of a high-dimensional vectotia low-dimensional vector

space in the SOM. A eight dimensional input ve¢hogh-dimensional) is projected

into two-dimensional (low-dimensional) space.
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required during the learning process and thaklittteds to be known about the
characteristics of the input data (Alhomiemi et £099). In the SOM algorithm, the
topological relations and the number of the neuronsiodes are fixed from the
beginning. Each neurdrnis represented by an n-dimensional weight, or reeletor

m = [ma,...,my] (n, dimension of the input vectors). Each neuron aimista weight
vector. At the start of the model, the weight vestare initialized to random values.
During training, the weight vectors are calculatesithg a distance measure such as

the Euclidian distance, which is defined in Equai#al.

D = /i(xj—mj)z;izl, 2,....M (8-1)

where
D; = Euclidian distance between the input vector dwedweight vector i;
Xij = i element of the current input vector;
mj = i element of the weight vector i;
M = number of the neurons in the self-organisingpneand
n = dimension of the input vectors.
Node ¢ (Equation (8-2)), whose weight vector is closesthe input vector, is
chosen as the best matching unit (BMU). When theUBM found, the weight
vectors mare updated. The BMU and its topological neighb@re moved closer to

the input vector. The update rule of the weightteeis shown in Equation (8-3).

[x=m| = min{] x- mf} (8-2)
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where
X = input vector,
m = weight vector; and
|4 = a distance measure.
mt+D=mO+a ()l ([ XI— m( ), (8-3)
where
m(t) = weight vector indicating the output unit’s loatiin the data space at tirhe

a(t) = learning rate at timg

h. (t) = neighbourhood function centre in the winner wrat timet; and

X(t) = input vector drawn from the input data set raeti.

After this competitive learning exercise, the ahust corresponding to
characteristic features can be shown on the map. quality of the mapping is
usually measured with the quantization error aredttipographical error. Since the
codebook vectors of the SOM represent the locahnoédhe input vector, the SOM
can be used for the prediction of missing companehan input vector. A prediction
can be made by seeking the BMU for a vector withknawvn components. The
predicted values can be obtained from the BMU. @&pplication of the SOM for
prediction purposes is illustrated in Figure 8-ZieTmodel is trained using the
training dataset, which is removed from the vetdgoredict a set of variables as part
of an input vector. The depleted vector is subsetiyeresented to the SOM to
identify its BMU. The values for the missing vatied are then obtained by their

corresponding values in the BMU (Rustum et al.,800
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Figure 8-2. Predicting missing components of thputnvector using the self-

organising map.

8.3. Aim and objectives

The aim of this multi-disciplinary research wasptopose simple and robust
models suitable for providing real time control tbie treatment performances of
integrated constructed wetlands. The corresponalijectives are as follows:

1. To predict the nutrient concentration removal penfances with the SOM model
using water quality parameters, which are more-efiettive, quicker and easier
to measure;

2. To predict the time-consuming and expensive vagid®DD with incomplete
input datasets using a SOM model based on fastdr emsier to measure

inexpensive water quality parameters;
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3. To fill missing values and replace outliers in tB&V data set with a SOM model
capable of making accurate predictions; and

4. To compare the overall modelling approach with @rional techniques.

8.4. Data and variables
8.4.1. Nutrient and BOD prediction
The data used for prediction of nutrients and BO&endiscussed in Chapter

4; 4.8.

8.4.2. Missing values and outliers

Missing values are very common in large environmalegatasets provided by
regulators. There are many reasons for missingesalkven if experiments have
been planned well, there will always be missingigalwhen something goes wrong,
such as equipment malfunctioning and human erroe. Gest solution for estimating
missing values is to repeat the experiment andeteeate a new complete dataset
(Burke, 1999). However, some experiments can natpeated because of limited
time or costs, or due to the high variability of@nplex environmental system such
as an ICW. Prediction of missing values by modglisnan alternative method when
it is not feasible to repeat the work.

Outliers are data that appear to be not consistghtthe entire dataset. The
reasons causing outliers may include measuremeatserrecording errors and
extreme measurement conditions (Iglewicz and HoadlP93). There are many
methods for identifying outliers, such as visuapection methods, calculation of z-
scores and modified z-scores, boxplots, Rosnestsated Grubbs’ test (Iglewicz and

Hoaglin, 1993; Burke, 1999). Real outliers are Ulisueemoved from the data
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Table 8-1. Summary statistics of the main outflamables of ICW 11

Variable Measurements Number Number
Unit Mean Standard Median Minimum Maximum of of
deviation Missing outliers
Values
Ammonia- mg/l 0.37 0.565 0.12 0.00 3.15 6 0
nitrogen
MRP? mg/l  0.89  0.550 0.81 0.00 2.60 3 1
s mg/l 15.1 15.94 10.0 0.7 60.0 72 9
cor’ mg/l 55.2 18.25 55.0 10.0 100.0 57 5
BOD5d mg/l  11.2 9.20 8.0 0.6 34.0 86 6

*molybdate reactive phosphorlisuspended solid&;hemical oxygen deman@Five days
biochemical oxygen demand

set, and treated as missing values in statistiableT8-1 summarises the outflow
variables of ICW 11.

8.4.3. Training and testing of datasets

For prediction of nutrients. For modelling purposes, the ICW 3, 9 and 11data
sets were randomised and then subdivided into &t® Jhe first subset was used as
a training dataset, and the second subset wasassadesting dataset. Training and
test datasets are summarised in Table 8-2. The Inveae verified with the test
dataset. For example, when predicting the ICW itneat performance for ammonia-
nitrogen removal, the corresponding ammonia-nitrogkata entries were
omitted from the test dataset, implying that amraamtrogen concentrations were in
fact missing values. After running the simulatidine predicted ammonia-nitrogen

concentrations were subsequently compared witla¢heal values.
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Table 8-2. Summary statistics of the datasets feggarediction when applying the self-

organising map model

Statistics Ammonia-nitrogen Molybdate reactive phosphorus
prediction prediction

Number of training datasets 240 250

Number of test datasets 74 84

Correlation coefficient 0.934 0.951

Mean absolute scaled ertor 0.015 0.048

& Mean absolute scaled error (MASEX(%Zn:(a,. -n)) /(niznll a-a,|); a=
i=1 e

actual values;p = predicted values; and= number of test data sets.

For prediction of BOD. The SOM model was tested to predict the ICW 11
outflow BOD concentrations to monitor and contitwé butflow water quality in real
time. In general, the input variables used for mtezh should be time-efficient and
easy to measure. Based on this consideration,thiee four variables, which can be
measured within several hours, were used for ptiedifive-day BOD. Only 58 data
records for BOD with no missing values were usedriodelling. However, these 58
data records were incomplete as there were misgaiges for the other four
parameters. The data set was mixed in a randonr ardkthe odd row subset was
used as a training dataset, and the even row sabsetesting dataset. After training
with the training data set, the model was verifieth the test dataset. The BOD data
entries were omitted from the test data set, inmglyihat BOD data were in fact
missing values. After running the simulation, theedicted BOD data were

subsequently compared with the actual values.
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8.5. Nutrient prediction
The SOM model was applied to predict the ammonti@gen and MRP removal

U-matrix DO Temperature
29.3 ® 8.6 e 17.6
15.1 j H&S ‘ Hl&l
0.8 4.4 8.6
d d
Chloride Conductivity

7.8 61 496
7.5 ‘ H48 ‘ H391
7.2 34 286
d d
Ammonia-nitrogen
3.702
‘ H1.951
0.195
d

Figure 8-3. Abstract visualisation of the relatioips between outflow ammonia-
nitrogen (mg/L), and outflow dissolved oxygen (D@g/L), temperature (°C), pH
(dimensionless), chloride (mg/L) and conductivifyS{cm) using a self-organising

map model.

performances of ICWSs. Table 8-3 summarises thdtsesam a correlation analysis

comprising the input variables DO, temperature, pitloride and conductivity, and
the target variables ammonia-nitrogen and MRP. ikRgel are in agreement with
Figures 8-3 and 8-4 which highlight the key relasibips revealed by the SOM. For
example, it can be seen that ammonia-nitrogen caratens were highly correlated
with temperature, chloride and conductivity. In qmarison, MRP concentrations

were highly correlated with DO, chloride and contltity.
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U-matrix DO Temperature

36.9 . 9.7 18.5
! 19.7 6.8 13.2
2.5 3.9 7.8

d d

pH Chloride Conductivity

7.9 64 516
v H?.S 49 394
7.1 33 272

d d d

MRP

4.668
. H2.641
0.621
d

Figure 8-4. Abstract visualization of the relatibips between outflow molybdate
reactive phosphorus (MRP, mg/L), and outflow digedl oxygen (DO, mg/L),
temperature (°C), pH (dimensionless), chloride h@gnd conductivity (uS/cm)

using a self-organising map model.

In general, the measurements of input variabled t@eprediction should be
more cost-effective and time-efficient, and easiezomparison to those of the target
variables. Based on this consideration, temperafRe-0.376) and conductivity
(R=0.428) were selected as input variables to ptedmmonia-nitrogen in the
outflow of the ICW. DO (R=-0.463) and conductivifiR=0.562) were selected as
input variables to predict MRP. Considering theatigely high costs and long time
associated with most chloride measurement techsjgimoride was not selected for
predicting either ammonia-nitrogen or MRP concditrs, even though it had
comparatively strong correlations with ammoniaegen (R=0.384) and MRP

(R=0.477).
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Figure 8-5 shows the actual and predicted outflemmania-nitrogen and
MRP concentrations. The SOM modelling performantms predicting outflow
ammonia-nitrogen and MRP concentrations are shawhable 8-2. It shows the
summary statistics of the SOM model for the teshe TSOM model has a
comparatively lower mean absolute scaled errorcatdig its relatively high
accuracy in prediction if compared to previous Itss(Lee and Scholz, 2006). In
general, the SOM model performed very well in pecedg the nutrient

concentrations in ICW systems.

Table 8-3. Correlation coefficients and correspogdi values (in brackets) related
to a correlation analysis comprising input (colurheadings) and target (row
headings) variables (n = 314 for Ammonium-nitrogewl n = 334 for MRP).

Variables Dissolved oxygen Temperature pH Chloride Conductivity
(mglL) (°C) ) (mg/L) (nS/cm)

NH,-N¥mg/L) -0.016 (0.779) -0.376 (<0.01) 0.096 (0.088) 0.384 (<0.01) 0.428 (<0.01)

MRP°(mg/L) -0.463(<0.01)  -0.206 (<0.01) -0.163(<0.01) 0.477 (<0.01) 0.562 (<0.01)

aAmmonium-nitrogen®Molybdate reactive phosphorus.
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Figure 8-5. The actual and predicted outflow (ajreomia-nitrogen and (b)

molybdate reactive phosphorus (MRP) concentrations.
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8.6. BOD prediction

BOD is an important water quality parameter for relaterising the
biodegradable components of organic matter in wadts, but it is not suitable for
real time water quality monitoring, because of kbieg time associated with BOD
measurement techniques (Scholz, 2006). The SOM limgeerformance in terms
of predicting outflow BOD concentrations is showrFigure 8-6.

For water quality control purposes, it is importémtassess whether or not
outflow concentrations meet water quality standéodslischarge. In this study BOD
concentrations were divided into three bins by camninternational threshold
values: A threshold for BOD of 25 mg/L is used descharges from Irish wastewater
treatment plants (Smitet al, 2004), and a BOD concentration of 10 mg/L isduse
for conservation of the living environment (MOE,8B9. A predicted BOD value

was regarded as accurate if it was in the samadthe actual value.

35

—A— Actual
---A--- Predicted

BOD (mg/L)

g [l N N w
o ol o 6] o
1 1 1 1 1

a1
1

o
1

0 5 10 15 20 25 30

Data number
Figure 8-6. The actual and predicted biochemicgber demand (BOD) in ICW 11

outflow.
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Table 8-4 shows the summary statistics of the SOddehperformance for
prediction of BOD. Correct predictions for binsd 3 were relatively high, 95, 89
and 100%, respectively. The corresponding mean apsoximately 93%. This
study is just an example of how BOD concentraticas be predicted with SOM to
monitor and control outflow water quality in reaine. When applying the SOM
model to other scenarios, new thresholds would nedzk selected. In general, the
SOM model performed very well in predicting BOD centrations. Real time BOD
control is therefore possible for ICW systems.

Table 8-4. Performance of the self-organising mapdeh for the prediction of

biochemical oxygen demand (BOD).

Mean Standard Total Accurately predicted number/total
deviation number number of each BOD bin
Bin 1° Bin 2° Bin 3°
Actual 10.4 8.2 29 18/19 8/9 1/1
Predicted 8.1 7.3 29 (94.7%) (88.9%) (100%)

aBin 1 (BOD<10 mg/L)? Bin 2 (BOD=10-25 mg/L) Bin 3 (BOD>25 mg/L).

8.7. Filling in missing values and replacing outliers

The SOM model was applied to the data (normaligedpredict missing
values and to replace outliers in the ICW 11 inflamd outflow data set. Table 8-5
shows the performance of the SOM model. The cdroelzoefficients, mean square
errors and mean absolute errors between actugbraaicted values for all variables
are shown in Table 8-5. The SOM model has relatitaedh correlation coefficients,
lower mean square errors and lower mean absolubeseindicating its relatively
high prediction accuracy if compared to previouslgs (Chandramoudét al, 2007;

Rustum and Adeloye, 2007).
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Table 8-5. Performance of the self-organising mapgehduring training.

Variable (mg/L) Correlation coefficielR Mean relative Mean square
absolute error error

Ammonia-nitrogen  0.93 0.639 0.042

MRP? 0.97 0.074 0.017

Suspended-solids 0.95 0.238 23.325

cop’ 0.95 0.071 30.088

BOD® 0.96 0.309 6.351

dmolybdate reactive phosphatehemical oxygen demanthiochemical oxygen demand.

Figures 8-7a to 8-7e compare the actual and peztiicalues for ammonia-
nitrogen, MRP, SS, COD and BOD concentrations,aetsgely. The trends for the
predicted concentrations are in very similar to #wual concentrations. Hence

missing values and outliers can be predicted apldeced by the predicted values.
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Figure 8-7. The actual and predicted values foatainonia-nitrogen; (b) molybdate
reactive phosphate (MRP); (c) suspended solids; (@$)xhemical oxygen demand
(COD); and (e) biochemical oxygen demand (BOD).

8.8. Summary
This chapter shows the application of SOM as a mamant tool for

integrated constructed wetlands. The SOM modelsuasessfully applied to predict
water quality variables of integrated constructezhtiment wetlands. It performed
very well in predicting nutrient and biochemical ygen demand (BOD)
concentrations.

The self-organising map (SOM) showed that the amapitrogen outflow
concentrations correlated with water temperatuie sait concentrations (indicated
by conductivity and chloride in farmyard runoff)igh ammonia-nitrogen removal
efficiency can be achieved if salt concentratioreslaw and temperatures are high.
The SOM model also revealed that molybdate reagtivesphorus removal was

predominantly affected by salt and dissolved oxydéolybdate reactive phosphorus
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can easily be removed within ICW if salt concendradé are low and dissolved
oxygen, temperature and pH values are high.

The SOM performed very well in modelling and préidig nutrient removal
in ICW. Nutrients such as ammonia-nitrogen and inad&e reactive phosphorus can
be accurately predicted by other more cost-effectrapid and easier to measure
water quality variables such as temperature, candiycand dissolved oxygen.
Moreover, the SOM model performed very well in pcadg biochemical oxygen
demand (BOD) concentrations. Real time control led water quality in ICW
systems is therefore possible. Outflow five-day B&Ibcentrations can be predicted
by other outflow parameters, which can be measwidun several hours. Outflow
BOD concentrations in 3 bins were accurate betv@®eand 100%.

The missing values and outliers for the long-te@W data set were replaced
by the SOM model, which showed an excellent peréoroe in predicting BOD. In
comparison to traditional prediction models, theMs@as not affected by missing
values and processed incomplete datasets relatiadlyleading to good predictions.
In conclusion, the results indicated that the SObtat is an excellent practical tool
for predicting key outflow water quality parameteo$ integrated constructed

wetlands.
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Chapter 9 Conclusions and Recommendations

9.1. Conclusions

The most important conclusions resulting from #tigly are summarised as follows:
« The ICW systems studied reduced concentrationsoafaminants present in
farmyard runoff. Nutrients including ammonia-nitesgand molybdate reactive
phosphorus were effectively reduced even aftereafs/of operation. Hence, the

structures act as a sink (not source) for nutrients

* The groundwater and surface water monitoring resaldicated that the ICW
systems had not polluted groundwater nor degratledwater quality of the
receiving watercourse. Concentrations of nutrientduding nitrate-nitrogen in
receiving water bodies were lower down-stream thfasstream of the ICWs. The
presence of denitrifying and ammonia-oxidising bdet in wetland litter and

sediments shows the potential of wetlands to reatedinfiltrating wastewater.

« There were more diverse populations of nitrogenoreng bacteria in the
wetland systems studied compared to conventionsiemeter treatment systems.
The ammonia-oxidising bacteridlitrosospiraand Nitrosomonaswvere detected
in the studied wetland systems. The denitrifyingctbaa, Paracoccus,
Pseudomonas, Rhizobiurand Dechloromonas were identified. The litter
component of the two wetland systems supported ndiverse nitrogen
removing bacteria (ammonia-oxidising and denitnf)i than the sediments.
Nitrogen removing bacteria in the representativi-sitale wetland systems

appeared to be stochastically assembled from the saurce community.
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The study of role of plants and sediment and soiemoving nutrients from an
integrated constructed wetland revealed that thlecemnponent of a mature
wetland system is an important and sustainablegéocomponent for long-term
nutrient storage. More N and P were stored inametlsoils and sediments than
in plants. The first cell of a representative IC\trthe highest rate of sediment
accumulation (45 cm). Over the 7-year operationopethe accretion rate was
approximately 6.4 cm/yr. With regards to managengeidelines, desludging of
the first wetland cell of ICW 11 appears to be ssaey in 2011. Approximately
74% (780 kg) of the phosphorus and 52% (5175 kdghemitrogen that entered
the wetland system was stored in the wetland soidssediments. Plants stored a

small percentage of nutrients compared to soils%<lioth N and P).

A self-organising map model was successfully usedgredict water quality
variables in integrated constructed wetlands. iNots such as ammonia-
nitrogen and molybdate reactive phosphorus carctwrately predicted by other
more cost-effective, rapid and easier to measuternpality variables such as
temperature, conductivity and dissolved oxygen. B®bich is expensive to
measure can be monitored cost-effectively, by apglyhe SOM model. The
model also successfully filled in the missing val@ad replaced the outliers for
the long-term ICW data set. The performance of3# model is encouraging

and the model can be used to support managemaesiahscin real-time.
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9.2. Recommendations for further work

The findings have significant implications for thiiture operation,
monitoring and management of integrated construeteitands for farmyard runoff
treatment. While this study has demonstrated theitipe role of integrated
constructed wetlands in nutrient removal, nevees$elthere is an obvious need to
carry out further studies. Some important futusessch frontiers are as follows:

e The monitoring of ICW should continue to reinfortdee multi-year water
quality dataset. Pathogens, nutrients and carbofCW influent/effluent
should be measured more regularly and frequently.

* More research is needed to better understand doegses responsible for the
transformation and removal of nutrients. The ammeoxidation and
denitrification potentials and their seasonal \éoies should be investigated.
Important relationships could be inferred by conmgnthese results with
those of the previous study of characterisationitnbgen removing bacteria.

e It would be interesting to quantify ammonia-oxidigi and denitrifying
bacterial communities using real-time PCR. This roamtribute to deeper
and broader understanding of underlying mechanismsitrogen removal
processes.

* ICW maintenance guidelines suggest that the figdt af ICW 11 will
require desluding in 2011. A schedule for dredgmgthodology and
sediment disposal in a sustainable manner needsetprepared and

implemented. Moreover, the performance of the systdter sediment
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removal needs to be monitored. Performance prepastisediment removal
will provide important information for ICW designpperation and
maintenance guidelines.

Greenhouse gas emissions, such as methane, cartrddedand nitrous
oxide from ICWSs need to be investigated.

There is a need to evaluate the impacts of hydicdbgegimes on nutrient
treatment, especially P. For example, when thelawtéxceeds 100mm, P
reductions are variable.

Although the absence of an artificial liner mak€M systems affordable
detailed studies are needed to address the congkrrtsydrogeologists. The
present study has provided some evidence of thgstenss not polluting
groundwater, but there is a need to conduct laboragtudies coupled with
field investigations to address the concerns oftgraners.

Contaminant removal in a constructed wetland oct¢breugh a various
range of exchanges between the three wetland caengof soil, water and
air matrices. The effectiveness and level of thesaactions depends on the
dynamics of water movement. Contact time betweesteveater, soil and
microorganisms is an important factor that dictatestaminant removal in
wetland systems. The velocity of wastewater is atsamportant determining
factor for the contaminant removal processes. Hémaoer studies should be
conducted to gain insights into the internal hyticau of integrated

constructed wetlands.
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