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Abstract

Agricultural practices have gained intensity ovecent decades, which has resulted in

enrichment of surface and ground waters. Contammdtom livestock wastes; land fill site
leachate, road runoff and detergents in wastewage all contributed to environmental
water quality issues and enrichment. Constructetlangs (CWs) have been increasingly
utilised as a method by which nutrient pressuresansystems, in the form of nitrogen (N)-
containing and phosphorus (P)-containing compowaaisbe alleviated. This thesis focuses
on three main research areas; hybridised floatis CFCW) for algal bloom mitigation in
standing water bodies combining algaecide relesm® brganic matter with conventional
FCW design, installation of CWs on North Wales @uation sites to prevent enrichment

and CW system optimisation for calcium (Ca) mopifitaintenance.

The process of eutrophication, subsequent algainbliormation and senescence can have
significant negative impacts on the condition aedlth of a water body. In this study FCW
design combined existing technology for N and P aeah via rhizosphere processing and
plant uptake with the release of anti-algal phenotimpounds from organic matter added to
the rhizosphere. These methods were combined &r tocassess their potential for enhanced
organic matrix material degradation and phenolieage by the inclusion of macrophytes
capable of oxygenating the rhizosphere. Combinatbrthese mechanisms resulted in
increased algal bloom control. However, controltays lacking wetland macrophytes
resulted in an algal density 10 to 20-fold gre#éiban planted systems. However, the research
proved that by not adding plants to the organictenain a FCW, algal growth was
significantly accelerated.

As part of the study three CWs were installed oa tihyn and Anglesey Fens project

conservation sites in North Wales. Sites of spesaa@ntific interest (SSSI), special areas for
conservation (SAC) and national nature reservesRNiake up the fen conservation sites
featured in the project. Here, localised enrichnfeorh surface and ground water inputs has
driven plant species assemblage changes withinfahebasins. This process has been
attributed to the influx of N and P which has ledhe invasion of more competitive wetland

macrophyte species. CWs located at the site mavgine employed to treat eutrophic water

flowing into the site. On completion of the systermgerage nutrient pollutant removal was



estimated over a 14 month period of operation. [Thtaemoved as a result of the CW
installations was approximately equivalent to b2nies of inorganic fertilizer. This N would

otherwise have continued to enter into the consiervaites.

Further investigation was undertaken into the Us€Ws with respect to the conservation
targets of the Llyn and Anglesey Fens project. S8&sification has been applied to the
sites on Anglesey due to the presence of Ca-rikfpptocophic water chemistry supporting a
unique vegetation community. Conventionally, CWisNoremoval by denitrification require
anaerobic conditions in order for N removal to accthese conditions also result in the
precipitation of Ca within the wetland in the foohCa carbonates. This is undesirable as Ca
is required for the development of the rare fenetafjion communities. Experiments were
undertaken to examine the potential for Ca mobiligintenance and the prevention of Ca
loss due to carbonate flocculation. The potentfatiissolved organic carbon (DOC) and
phenolic compounds produced in the system to pres@a in a dissolved form was
investigated. Existing research into the role of®@ affecting Iron (1) mobility motivated
this investigation. Preliminary investigations fauthat Ca formed an association with with
low molecular weight (LMW) (typically <1000 Daltafba)) DOC. Ca was also observed to
associate with DOC of low phenolic content. Thesdifigs were used to inform mesocosm

experimental design and hypotheses.

A mesocosm experiment incorporating three treatsn@rg#s set up in order to assess the
impact on Ca mobility of phenolic concentration &@@C molecular weight. Two CW types
and two wetland macrophyte species were compaiel eXperiment showed that horizontal
subsurface flow (HSSF) systems reduced total Ca2B% on average, whilstris
pseudacorushowed a similar result. However, total calciumswaduced by 38% in the
Phragmites australismesocosms. Contradictory to preliminary invesiayet, greater

concentrations of phenolics correlated with inceea®tal Ca.

DOC was also characterised in the CW mesocosmgy ud\+Vis spectral slope ratios.
Significant variation in DOC character was obserbetiveen plant species. These findings
motivated further analysis into the quantificatiamd characterisation of DOC produced as
root exudate from the wetland macrophytes. Furtbeenthis research also addresses targets
as set out by the Llyn and Anglesey fens projeth woncern to reducing DOC inputss

pseudacorusvas observed to produce 55% less or 1.59mg DOfmdss less DOC than



Phragmites In addition, this species produced lower MW DOithvinigher phenolic content,

therefore promoting chelation and solubility maiv@ece of Ca.

The findings of this research can now be applietutther CWs on the Llyn and Anglesey
conservation sites. This research will also be useohform management best practice at

future CW locations where calcium maintenancedgiired.



Chapter 1 - Constructed Treatment Wetlands for

Water Quality Amelioration in Conservation

Scenarios Introduction




1.1 Anthropogenic Impacts on Freshwater Ecosystrd<=utrophication Analysis

Freshwater plays a primary role in supporting bie earth including an array of species
including mammals, birds, fish, invertebrates amahplife. Consequently has significant
economic and biological value. However a mere 0.@f%ater on earth is in the form of
freshwater, (Dudgeon et al. 2006) covering a sertaea as little as 1% of the globe (Wetzel

2001). Freshwaters also directly support

Increasing population, economic growth and induaneg bringing about a surge in demand
for freshwater (Willoughby 1976) placing strain anfinite resource. Human activity is
causing a significant detrimental effect upon thealdy of freshwater, especially in
developing countries (Markandya 2010). This infecencan have a range of effects
dependent on scale; however, the primary influep&aator is adjacent land use (McDowell
& Wilcock, 2008). Movement of water through catchntseaffects the mobility of dissolved
and particulate pollutants, which become mobilifedn the land, enter the pore water and
are lost to adjacent surface waters (McDowell & a&dk, 2008). Overuse of fertilisers in

agriculture is one such example.

Nutrient pollutants (e.g.compounds containing Njgo (N) and Phosphorus (P)) are
observed to cause eutrophic effects (Smith et®l9;1Pretty et al. 2003; Holman et al. 2008).
The addition of allochthonous pollutants (thosenfroutside of the aquatic environment)
such as N and P will inevitably cause water quaglityblems within freshwater ecosystems
due to the effects of enrichment (Yang et al. 200Bathe following studies eutrophication

prevention and nutrient sequestration are key taifge the systems utilised and explored.

In both freshwater and marine systems, imbalantesiirient loading can occur which can
be attributed to many different causes (McDowellAdlcock, 2008). Eutrophication is the

process by which pollutants enter a system and hanetrient enriching effect. Pollutants

containing N and P drive increases in primary potidn. In aquatic systems this often
results in the formation of algal blooms whilstvetland habitats species composition shifts
can be observed as trophic levels change. Manyestuah lakes and rivers have found a
direct correlation between nutrient levels and labgamass (Smith et al. 1999).

This thesis focusses on these two main detrimeftatts of eutrophication. In the case of
the former, nutrient enrichment stimulates primargduction causing algal blooms form

(Manny et al. 1994) which are often associated Withrelease of toxins (Carmichael 2001;



Yang et al. 2008a). These can include cytotoxirts l@ntoxins, however these are generally
associated with cyanobacteria i.e. “blue-Green”aalg(Carmichael 2001). However,
decomposition of blooms, irrespective of speciessanescence phases by microbial
heterotrophs (Pretty et al. 2003) results in hypdxdmg/L Dissolved Oxygen (DO)) which
is detrimental to most aquatic fauna (Paerl e2@01) and can result in fish Kkills, loss of

biodiversity and further deterioration of water ttya(Jobgen et al. 2004).

Eutrophication within natural wetland systems hagrbthought to be a driver of plant

species change. This has the potential to be ecalbgharmful, an example of this is the

invasion ofTypha domingensismto wetlands influenced by phosphorus laden w@ktsch

& Gosselink 2000). Similar observations have beeaudenon the Anglesey Fen case study
sites discussed in Chapter 4. Here the ecologgwiahd fens is shifting from communities

dominated by oligotrophic (low nutrient), calciumepkndant vegetation to the rapid

colonisation of highly invasive graminoid speci@#is is occurring to the extent that the

conservation status of the sites is now unfavoerabl

Several factors influence the degree of eutroptmnancluding presence of flow, retention
time and degree of water inundation. Reviews ofufsoit concentrations required in order
for eutrophic conditions to arise in lentic (starg)i and lotic (flowing) systems are discussed
by Nirnberg (1996) and Dodds et al. (1998) respelsti Evidence presented in Dodds et al.
(1998) indicates clearly that lotic, fast movingterabodies require extremely concentrated N
and P inputs in order for eutrophic conditions tevail. The slow movement of water in
lakes, ponds and wetland sites are therefore mumeeptible to the effects of enrichment due
to the increased water retention time. The addittérdissolved pollutants or insoluble
particulate matter is particularly noticeable ire thites studied in this thesis. Fen basin
conservation sites located on the Llyn and Anglek#yE Fens managed by Natural
Resources Wales (NRW) were selected for eutropbitgrevention due to their receipt of

water from a catchment dominated by agriculturatila

Wetlands are biologically, geologically and chertlicanique ecosystems, exhibiting great
variability in hydrological status and plant spacipresent (Kadlec & Wallace 2008).
Wetlands are regarded as hydrological buffers, ilstaiy flow rates and ameliorating
flooding and drought by recharging aquifers (MitskhGosselink 2000). The ability of
natural wetlands to act as sinks for chemicalsdm®uraged researchers to investigate the
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possibility of treating waste water and water ojthnutrient or pollutant content. This is
where CW technology evolved from and increasinglyeise applications for wetlands for

water treatment are being explored.

1.2 Development of Constructed Wetland Technology

There is growing concern regarding human healthearwronmental quality with respect to
waste disposal. Treatment wetlands have been f@ehtas a possible method for
bioremediation of polluted water for over 60 yedesrly research undertaken by Seidel
(1953), found that polluted drainage and sewageheg which had been colonised by
wetland macrophyes exhibited lower concentratiohsneasured pollutants. Research by
Kickuth (1977) lead to the investigation of basioridontal Subsurface Flow (HSSF)
wetlands and this became the basis for many CWsusewd.

Currently, approaches to water quality improvemeyntCW include; Free Water Surface
(FWS), with either submerged aquatic vegetation \(BAr emergent macrophytes,
Horizontal Sub Surface Flow (HSSF), Vertical FIOWF] and Free Floating Vegetation (FF)
systems. Each has been used with varying succesdemigns are chosen depending upon
treatment requirements and the natural abundanp&of species in the vicinity (Kadlec &
Wallace 2008). However, each has features thatcease problems during the treatment
process or life span of the system. CW optimisaéiod process understanding is continually
developing. Key research includes minimising rifkystem compromises and maximisation
of efficiency. There are also additional challengssociated with designing and installing
treatment systems within a constrained situatioohsas conservation of a habitat or

protection of a water body, a concern of this thesi

1. HSSF wetland - typical macrophytes used dPragmites australisthese systems
are liable to clogging when treating water that halsigh level of suspended solid
(SS) material or high Biological Oxygen Demand (BOPrimarily used when
reducing anaerobic conditions are required for ytafit biochemical processing
(Kadlec & Wallace 2008; Vymazal 2007; Vymazal 2008)



Wetland macrophvtes

Inflow structure

Receiving water

Gravel system media, permiable and high
surface area for attached microbes

Figure 1.1 Horizontal Subsurface Flow CW, adaptedrbm (Headley et al. 2006).

Water flows into the media and increased porosiégian located at the entrance and exit of
the system distributes water evenly along the csmsgion of flow path. Water travels
through the media and comes into contact with plaats and microbial communities

responsible for pollutant transformations.

2. VF Wetland — These types of system operate in a similar nraltnelSSF systems
however the water is loadeda a distribution system across the surface of the
wetland. Water is often pulse loaded to allow plation downwards through the
system and drying of the wetland bed media gremityeases oxygen diffusion,
required for biological oxidation of compounds sashammonium and BOD (Kadlec
& Wallace 2008).
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POy Sy oy o

INLET

> | OUTLET

!

!
4
< f w &
= T | = ﬁ h
Z : : -9 3 ] Z
=} = B = & 5
= | - z oz = = -
= €3] B S = .
= > - S o = & = s e
E e 4 E E 4 6 Z | z 4
z @] =} = . G Q < - =
g Z £ B2 g Z & © &L
= = = & =z s} S o = HE
a = 4 =B = g = ] Ex
2 5 9 2 @ = € g 25
] = L. =) a o = = ol Q

Figure 1.2 Vertical Flow Constructed Wetland, adapéd from (Brix & Arias 2005).
Water flows (RED arrows) from the distribution pjglerough the filter sand matrix and into
the drainage pipes. The distribution pipe allowshart intense flow of water to flood the

surface; it then percolates though the filter madidormly displacing the air in the system
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generating significant oxygen transfer. Partiairedation (GREEN arrow) allows complete

denitrification following a nitrification phase.

3. Fill and Drain Constructed Wetland— These wetlands utilise reciprocating filling
and draining cycles in order to create oxidisingd a®ducing conditions for

nitrification and denitrification respectively.

AEROBIC PHASE ANAEROBIC PHASE

Drain phase - Air diffuses

into matrix Wetland macrophytes

Media —Highly permeable gravel Water pump - controls Fill phase - Waterlogged

filling and draining rhizosphere

Figure 1.3 Reciprocating fill and drain tidal flow wetland, adapted from (Headley et al. 2006).

GREEN zones denote the diffusion of air into thieabphere during drain cycles, producing
aerobic conditions for ammonium oxidation. BLUE esrdenote filling of effluent into the

rhizosphere, producing anaerobic conditions faratetreduction. Cycle times, controlled by
the water pump, will be modified according to ptdht concentrations. Once the required

number of cycles is complete the water is pumpedteaautflow.

4. FWS Wetland — most of the pollutant uptake and removal is grened by attached
microbial biofilms, which grow on the wetted suracof the plant and substrates. A
small amount diffuses into the soil and is takerbyphe plants. These systems can be
subject to flooding; submerging the macrophytesexiended periods of time can

result in reduction in the observed biomass stMits¢h & Gosselink 2000).



Emergent wetland

Inflow structure / macrophytes
, [ | ~ Outflow structure

Plants are rooted info Water flows through the stems of
the base of the system the macrophytes which are
colonised by microbial biofilms

Figure 1.4 Free Water surface CW, adapted from (Hedley et al. 2006).

Water flows into the system via an inflow structuRollutants are removed by biofilm
communities as water passes through the stemseomtcrophytes. A percentage of the

pollutants diffuse into the rhizosphere where plgstake occurs.

5. Free Floating (FF) Vegetation— Floating vegetation wetlands tend to be used in
more tropical climates where high growth rates lbarsupported. One such example
is the use of Water Hyacinth. Management of thgstems can be highly labour
intensive, due to the constant need to harvestdssnm order to maintain pollutant

removal efficiency.

Outflow structure and

: water level control
Ry ;!}j )

/ Inflow Structure
e e—

R e e S—— — J . . g
Plant are self bovant floating at the surface.
Roots take up pollutants, oxvgenate and bind —
sediment. Reveiving water

Figure 1.5 Free Floating macrophyte CW (Headley edl. 2006).

These systems rely upon high biomass productionresultant pollutant uptake. Pollutants

are taken up directly from the water column inte tbots, rhizomes and tissues of the plants.
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The use of floating constructed wetlands (FCW),aasalternative to FF systems, where
buoyancy is engineered within the design is a ptssolution to the problem of eutrophic
water bodies. This system combines mechanisms wrwaality improvements highlighted
in the FF systems with the flexibility of greatgvesies selection. FCWs investigated in
chapters 2 and 3 allow for the use of temperaterophgte species suspended in the water
column in a hydroponic manner. The system allowstlie roots of the macrophytes to be
suspended in the water column resulting in dirgteke of nutrients. This may be a more
suitable option than FF when treating naturallyusgog or culturally driven eutrophic water
bodies. The FCW can be constructed and designedder to deal with varying amounts of
pollutant loading and the ability of the floatingstems to track the water table is also
advantageous. Additionally the flotation systemowl macrophytes that typically grow
rooted into benthic sediments to have greater enttruptake rates due to the difference in
uptake pathway. In FWS systems nutrients must shffunto the benthic sediments of the
system prior to uptake by the macrophytes. In FGI&/ process does not need to occur. This
function allows the wetland to continue treatmertieve other systems would become

submerged preventing the removal of pollutant cleafsi(Headley et al. 2006).

Currently, the number of treatment wetlands inltheéis estimated at 1000 (Cooper 2009),
however, numbers are likely to increase as thentdolyy progresses. Similarly, the use of
treatment wetlands may gain popularity due to ther expanding range of applications being
developed. For example, water reuse is of highripyion arid countries where water is scarce
and wetlands have been used as tertiary polishystemms for coliform bacteria removal
preparing water for reuse in irrigation (Greenwa§0%). Similarly, diversification and
wetland optimisation has been achieved, for exarfguted bed aeration in order to treat de-
icing glycols compounds from airports where biotagi oxygen demand (BOD) reaches
extreme concentrations (Higgins et al. 2011). Isiten systems have also been implemented
at municipal waste water treatment plants in odeachieve sludge dewatering (Nielsen
2013). Here pollutant removal was not paramourstead utilisation of wetland macrophyte
evapotranspiration was used to remove the watdewalowing for nutrient assimilation and
reuse in agriculture. At the other end of the scaletlands have been used to treat small
volumes of household wastewater by means of Comyadical Flow (CVF) systems
utilising granular media planted with macrophytasai hydroponic set up (Brix & Arias
2005).
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A range of biochemical techniques are being dewsldp the CW and water quality domain

and relevant areas are discussed below.

1.3 Nutrient Pollutant Removal Mechanisms in Carsid Wetlands

Nitrate is the dominant form of N-based pollutants spring waters supplying the
conservation sites on Anglesey, and many locatvamsre agricultural practices affect water
quality. In order to assess the way in which to imése weathering of the pollutant the
nitrogen cycle must be considered. Complete rema¥ahitrate can be undertaken by
microbial dentitrification (Shapleigh 2013). Thisopess breaks down nitrate to nitrogen gas
using a number of intermediate phases. Denitriboatis facilitated via microbial
communities by the production of reductase enzy(Kemwles 1982). In many cases®l
(nitrous oxide) a potent greenhouse gas is be eniftom the CW before complete
transformation to h(Kadlec & Wallace 2008).
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Figure 1.6 Substrates, processes and products oftinitrogen cycle (Shapleigh 2013)

The presence of nitrate and anoxic conditions aneresequisite for the reaction to be
catalysed by nitrate reductase (Van Cleemput 20816; Knowles 1982). These conditions
are generally found in HSSF systems where oxyg#uasibn in limited by the reduced air-

water interfaces. Although these systems are giyermoxic, wetland plants are able to
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oxygenate the rhizosphere (Sorrell et al. 2000)sicau localised areas of oxygenated
conditions. Denitrification occurs by nitrate acgtimas a terminal electron acceptor in the
reaction (Kadlec & Wallace 2008). Although FWS aetls have increased oxygen diffusion
rates through the water surface, anaerobic zorestdr present in the system. Locations
within the FWS system where anaerobic zones ocoeirpamarily; soil substrates (into

which the macrophytes are rooted), and within pdgbaride matrices formed by biofilm

communities. These occur on all wetted surfacebimihe system. Stratified anaerobic and
aerobic zones are observed within biofilms, whereeptance and donation of electrons

occur respectively (Amann & Kihl 1998; Terada eal07).

A secondary mandate for denitrification to occuthe presence of a labile carbon source
(Narkis et al. 1979; Terada et al. 2007). The kflidenitrifiers are microbial heterotrophs
and rely heavily upon organic carbon to act aswuacsoof electrons, which in turn controls
microbial activity (Knowles 1982) and limits actiyiwhen lacking. This situation occurs
during nitrogen removal in sewage treatment pladese much of the carbon is lost during
primary sedimentation stages of treatment. Narkial.e (1979) discuss the need for carbon
source addition during dentitrification stages aitev treatment works, however in CWs
plants have been shown to contribute significatdlylenitrification carbon demand by root

exudate production (Lin et al. 2002).

As mentioned, HSSF systems tend to be used fortdfgcation stages. However these
systems are compromised when high suspended s®#J ¢ontent is observed in the
inflowing water. A HSSF system can become rapidbcked causing overland flow when
SS are high. In this case FWS systems may be eegbl®\though efficiency is marginally
reduced by decreased anoxia, system maintenanc&Saremoval is possible.

Ammonium is a N-containing pollutant species whoam be readily treated with the use of
CWs. In order to remove this nitrogenous compouathfthe water column, a very different
approach may be needed. This is due to the stgpgrinsform ammonium to nitrate. H
atoms from the N molecule need to be replaced by oxygen in ordéonm nitrate NQ,
which can then be denitrified. Again the procedloves a series of intermediate compounds,

namely Hydroxylamine (NFOH) followed by nitrite and finally nitrate (Shapmié 2013)

The reactions described here require oxygen riandiions in order to be completed.

Suitable CW types must be selected in order toeaehthis. Increased oxygen demand can be
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met using a number of mechanisms. One such mettiilsed pulse flow VF CWs where the
wetland is intermittently loaded with influent ansl allowed to displace the air in the
rhizosphere. Between pulses oxygen diffuses batcktive rhizosphere resetting the system
for oxygenation (Kadlec & Wallace 2008). These eyt may be employed in order to deal
with ammonium in the water supplying the fens ia gtudy. However, complexity and lack
of passive design in the latter system may addeas®d need for maintenance and

monitoring, and also increased system set up costs.

Phosphorus is a significant nutrient pollutant ohgv water quality degradation and
eutrophication effects that are manifested in aquatvironments in the form of algal
blooms. Phosphorus, like the nitrogenous compounas; be removed in CWs through
various pathways including sorption, biomass stragd cycling, microbial phosphorus in
flocs, soils and accretion (Kadlec & Wallace 2008)milarly to nitrogen, phosphorus may
change state. However, valency changes do not .o€mwmary methods of removal in
conservation site CWs will be precipitation witthet compounds, dissolution resulting in
sedimentation and peat accretion (Vymazal 200 8ntFdound phosphorus will cycle in the
wetland from plants to soils to microbes, some bifclw will be lost from the system during
biomass degradation.

1.4 Conclusion - Scenario Specific Utilisation obrStructed Wetland Technology and

Synthesis of Knowledge

The research undertaken in this study aims to deattly with mitigation of poor water
guality. The systems explored here have immedifets on local conservation projects and

ecology of the water bodies suffering eutrophieet.

Chapters 2 and 3 focus on the potential for watality amelioration in freshwater bodies
exhibiting signs of eutrophication. Although theeuef Floating Constructed Wetlands
(FCWs) has been researched extensively (Headley. @006) in this study, hybridisation

between FCW technology and research undertaken ingfidd et al (1985), Welch et al

(1990) and Pillinger et al (1994) into biologicaitiealgal compounds released from organic
matter are combined. Wingfield et al (1985), Weéthal (1990) and Pillinger et al (2004)
analysed the effect of different forms of Dissolv@dganic Carbon (DOC) released from
organic matter, such as barley straw, and monittihedt effect upon algal blooms. The

research presented in Chapters 2 and 3 combinesctaspf pollutant removal and
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transformations observed in conventional FCW (ascuileed in Headley et al. 2006), with
the presence of an anti-algal compound releasibgtsaie. This research also draws upon
areas such as nutrient biochemical cycling, plaptake and additionally, how the
macrophytes planted in the FCW's interact in witbamic matter added to the FCW.

Increased anti-algal compound production is poddgtimediated by phenol oxidase
enzymes. This group of enzymes are capable of imga#town lingo-cellulose based
material, and primarily break down recalcitrant pblec compounds (Freeman et al. 2001;
Freeman et al. 2004). Low molecular weight phenotimpounds were found to have more
significant anti-algal effect (Pillinger et al. 19 However, phenol oxidase is limited in
anaerobic conditions and requires bi-molecular erym order to function (Freeman et al.
2001). Therefore the effect of plant addition amdltipularly the function of radial oxygen
loss (ROL) from the plant roots was examined. Tinecsss of the systems was measured by
the presence and density of pelagic green algaenadasin the water column as compared to

control systems.

Chapters 4 to 7 are directly linked to the Nati®asources Wales (NRW) Anglesey and Llyn
Fens Project. NRW set out to restore 751 hectdrésnao good or recovering status. After
many years of mismanagement and neglect the sites become severely degraded. The
Anglesey and Llyn Fens project aims to improve masgects of the Fen sites that range in
category from RAMSAR, SSSI, Special Area for Comagon and National Nature
Reserves. Issues involving water quality at thessare addressed by Chapters 4, 5, 6 and 7.
Chapter 4 details a number of case studies whereapiplication of constructed wetlands
significantly improved the water quality of theestims, springs and other inflows directly
supplying the fen.

The NRW fens project funding was granted due tadine type of fen habitat present on both
Anglesey and the Llyn fen sites which are classedlkaline fen. Secondly, particularly on
the Anglesey sites, there are large areas of tipiaaidic peat directly adjacent to calcitic
muds and marl (Gilman & Newson 1982). At these tiocs rare calcium dependent fen sub
communities exist. These communities are an indicér good quality fen and are
characterised by the presenceStfoenus nigricansshallow, slow flowing water and most
crucially water that is highly oligotrophic and tita high concentration of calcium
(Elkington et al. 2001). The project involved thestallation of CWs two main aims; to
protect the existing areas of high quality fen fromtrient enrichment and to create an
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oligotrophic water environment allowing areas thatl been selected for peat re-profiling to

potentially flourish.

Throughout all areas of CW design and installataptimisation of the systems was required.
Laboratory mesocosms were investigated in ordgutde continual improvements to field
systems and allow modifications to be made in theré. Calcium mobility was the focus of
Chapters 5 to 7. The mechanisms explored are baseobservations in metal mobility
studies whereby phenolic compounds in solution gmewnetal precipitation (White et al.

2011). More specifically each chapter deals withftillowing points.

* Chapter 2 focusses on the potential for combinegl afs of anti-algal phenolic
compounds release aided by the presence of wetlacdophytes, and act as a system
feasibility study to guide later experiments fotlistoc analysis. This chapter sets out
to provide a method by which the FCWs can be implaed and tested.

» Chapter 3 represents an in depth study into phehodak down optimisation by the
inclusion of wetland macrophytes and linked plaptalde of nutrients. The results
from this mesocosm FCW experiment may inform futdesign, optimal set up and
macrophyte selection for the installation of futhke systems for algal bloom
mitigation.

* Chapter 4 details CWs used directly in conservasicenarios and aims to illustrate
the possible use in large scale conservation pgsyjedere water quality is a serious
issue. The chapter aims are to highlight succemsgéxhallenges involved in CW use
whilst providing an immediate tool by which NRW carhieve targets for enrichment
mitigation.

» Chapter 5 provides a new insight into maintainimghbr calcium concentrations in
water supplying rare fen systems to maximise coas®n of NRW SSSI sites. The
aims being to understand if the wetland environnoamt be modified in such a way
that calcium concentration is maintained.

» Chapter 6 is based upon the findings of Chaptend ams to test if methods for
calcium maintenance developed Iatvitro scale apply in a more natural wetland
environment.

* Chapter 7 develops further the research on progasselved in the production of

suitable conditions in the wetland environment tftsg maintenance of high calcium
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levels. Herein vitro experiments aim to elucidate the effects of plat exudates

and DOC production on chelation of calcium.
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Chapter 2 - Preliminary Feasibility Study for the

Use of Floating Constructed Wetlands for Algal

Bloom Mitigation
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2.1 Abstract - Rational for the Use of Floating €macted Wetlands

The ecological problems associated with eutroplatewbodies and subsequent algal bloom
formation has been discussed in Chapter 1. Contpingsearch on the effect of DOC
releasing organic matter which exhibits anti-algabperties with FCW design was

undertaken in order to maximise efficiency of eplngation and algal bloom prevention.

Chapter 2 draws on two key areas of research;emitmitigation in freshwater bodies and
algal bloom reduction by anti-algal DOC compountsis chapter aims to confirm the anti-
algal effect of DOC compounds reported by Pilling€ooper, & Ridge, (1994); Welch,
Barrett, Gibson, & Ridge, (1990); Wingfield, GreayeBebb, & Seager, (1985), whilst
combining this with a macrophyte dominated Floatidgnstructed Wetland (FCW) as
outlined in Headley et al. (2006), in order to ataia feasibility for implementation in real
world scenarios. The findings in Chapter 2 wererargquisite for further research into
mechanistic analysis of hybrid system processesldétin Chapter 3.

2.2 Introduction - Eutrophication and Water PobhatNegative Impacts of Algal Blooms

Eutrophication and water pollution are an increggdmenomenon, especially in lakes and
ponds located in fertile lowland regions (WetzeD2D Biogeochemical cycling has been
dramatically affected over the past few centurigs th the growth of the human population,
industry and waste disposal (Willoughby 1976). Dafimmchanges have been observed in
carbon, nitrogen and phosphorus cycles (Schlesit@@r; Vitousek et al. 1997; Smith et al.
1999).

The term eutrophication has become synonymous \lih accelerated growth of
phytoplankton and other forms of algae, particyl&habaena, Microcystis, Nodulariand
Oscillatoria species (Herath 1997). Occurring due to the e availability of dissolved
nutrient chemicals (Manny et al. 1994). Enrichmiatn nitrogen (N) and phosphorus (P)
containing compounds is most commonly the driveawever, P based compounds are most
regularly the limiting factor due to natural availay. When both of these compounds are in
excess, nutrient compounds such as potassium camieelimiting to plant growth (Herath
1997).

Concentrations of nutrient pollutants exhibited @ water body which is suffering
eutrophication vary. One review widely acceptedSmith et al. (1999) which examines
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concentrations of nitrate and phosphate requiredbfoom formation. Concentrations in
lentic and lotic water bodies are addressed seggrand defined by Nirnberg (1996) and
Dodds et al. (1998). It is well recognised that emeéutrophic or indeed hypertrophic
conditions, the likelihood of the formation of eggically harmful algal blooms are
substantially increased. As explained in Chaptaudh blooms are not only ecologically
harmful, but economically costly. Economic coste arimarily linked to water treatment
plants, where algal blooms cause filter blockaged ehanges in water chemistry which
complicate treatment (Mason et al. 2003; Pretil.€2003).

Examples of N and P containing sources to a watdy include farmland runoff from fields,
carrying with it excess nutrient pollutants tha¢ arot absorbed by crop plants and other
micro pollutants such as heavy metals (Poe etG3R In locations where surface water
runoff is high, increased levels of suspended sq85) will also be found in the water body.
Sources of phosphorous include sewage treatmentspldetergents from wastewater and
land fill sites and phosphorous release direciynfiivestock wastes. These sources are the

main causes of eutrophication across much of Eufidpeath 1997).

Significant ecologically harmful effects associatedh algal blooms occur during bloom
senescence. Reduction in available dissolved oxyD€)) in the water column and toxin
production are a direct result of heterotrophicaegosition of the algal bloom (Yang et al.
2008a). Although losses in ecosystem services ahe\are difficult to quantify, they can be

measured by the effect that is observed on tha leibthe ecosystem (Pretty et al. 2003).

CWs are increasingly being considered as a nasticalcost effective and passive means of
treating water containing high nutrient concentnasi therefore, reducing the risk of

eutrophic conditions and algal bloom formation.

2.3 System Selection, Installation Scenarios amthd®y Pollutant Removal Mechanisms in

Floating Constructed Wetlands

FCWs have been shown to be highly successful dindeaith fluctuating water levels and
high particulate content in water treatment. HS8WB wetlands become ineffective when
particulate matter or SS levels are high. Thisue tb the bed media or substrates becoming

clogged (Kadlec & Wallace 2008). However in flogtisystems, SSs are caught up and
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contained within biofilms that cover the root sgdaor settle in the base of the water body

(Headley et al. 2006) and do not significantly efffgollutant removal.

Chapters 2 and 3 focus primarily on FCW systemallaton into water bodies suffering

eutrophic effects. However, it is suggested thatufrient pollutants can be tackled before
entering water courses, the use conventional CWshwaanore appropriate. FCWs therefore
provide unique a solution in scenarios where etiiggtion is being exhibited and pollutants

have already entered the water body.

Primary pollutant removal mechanisms utilised withhe FCW include nitrification,
denitrification and plant uptake. Microbial nitrageemoval in the rhizosphere and biofilms
has been explained in Chapter 1. Mitsch & Gosse(@®00) discuss the possibility of
biomass harvesting and state that wetlands exmgoiéiutrophic water conditions readily
show an annual primary production of 1000-4000 gym. Harvesting will not occur during
the experiments carried out in Chapters 2 and @déwoent disruption to the systems. FCW
biomass production involves the removal of polltgafiom the water column and direct
incorporation into plant tissues (Kadlec & Wall&@08), effectively removing the pollutant
from the water column. Vymazal (2005) in Kadlec &alNsce (2008) discuss how pollutant
removal by harvesting varies greatly between treatnwetland type, scale and level of
treatment. Assimilation rate of pollutants may alsoy in accordance with species, explored
further in the following chapters.

2.4 Potential Anti-algal Activity of DOC Compounds

Wingfield et al. (1985) hypothesised that organatter such as barley straw or hay, which is
comprised of lignin and cellulose, may provide mial communities and biofilms with a
substrate to attach to and labile carbon sourcéddaitrification. Wingfield et al. (1985) also
hypothesised that the microbial communities growangthe barley straw would be able to
immobilise phosphates. This hypothesis was furtlested by Welch et al. (1990) who
discovered there were negligible reductions iniaeatrpollutant concentrations. Instead, they
observed the release of low molecular weight (LMW®WPC compounds which were
inhibitory to the growth of algae. However, thesenpounds were shown to be short lived,

which is very true of low molecular weight phenslic
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Phenolics contribute to total DOC (White et al. 2Dbecause they consist of aromatic
compounds characterised by the presence of a sbomaing with attached functional
groups, namely carboxylic acid group. Although LMYDC was found to have an inhibitory
effect on algal blooms, DOC characterisation mdgrm FCW design to improve anti-algal
compounds formation. One such method may be claisation by Specific Ultra-violet
Absorbance (SUVA) analysis. This method elucidatesiards the general chemical

characteristics of the DOC (Weishaar et al. 20@R)es for which are discussed later.

Pillinger et al. (1994) further discusses anti-blg@perties of lingo-cellulose based DOC
compounds, outlining the role of phenolic compouimdihe anti-algal effect of Barley straw.
Evidence suggests that of DOC types analysed @ddienols and quinones showed strong
anti-algal properties. However the rate at whioyaal was suppressed was shown to have
increased correlation with aeration rates and tdisdolved oxygen. Pillinger et al. (1994)
concluded that it was lignin and cellulose breakdgsoducts which provided the source of

phenols from the barley straw.

Given that break down of lignin results in antialghenolics produced. Facilitation of this
breakdown may allow for FCW optimisation and insexzh anti algal effect. Moreover,
studies of phenolic sub categories by Nakai et(2001) suggests that caffeic acid, p-
coumaric acid, ferulic acid, sinapic acid, syringazid, vanillic acid, catechol and
hydroquinone, protocatechuic acid quinic acid, ishi& acid, phenol, resorcinol, hydroxy
hydroquinone, and phloroglucinol are potentiallgpensible for algal inhibition. The greatest

algal inhibition was observed with caffeic acid dnairoxy hydroquinone.

2.5 Exploitation of Peatland Enzymic Latch Mecharsgs

Phenol oxidases are extracellular enzymes presémnwvetland soils which are responsible
for the decomposition of phenolic compounds. Phexadlase, which requires bimolecular
oxygen to work efficiently, breaks down polypheoatiompounds that are released into the
soils by microbial breakdown of lignin and cellustructural components of plants (Wetzel
1992; Freeman et al. 2001; Freeman et al. 2004grddes within the soils release
polyphenolic compounds and organic acids as a bgiymt of their metabolic processes
(Dickinson 1983). In senescence and biological ktean, plants also release organic acids

as lignin present in the cell walls begins to ddgrarhe polyphenols released as a result of
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the breakdown of lignin and cellulose are tightlglated to plant species and their

decomposition conditions (Wetzel 1992).

It follows that colonisation of microbial commum$i capable of producing extra cellular
phenol oxidase may result in more efficient breakdof organic matter. If phenol oxidase is
observed in the rhizosphere of the FCW, organidenatch as barley straw or heather is
added to the system may be broken down more eftlgieThis may result in greater

concentrations of LMW phenolic groups leading teajer anti-algal effect.

2.6 Linking Enzyme Activity to Rhizosphere Oxygdanatby Radial Oxygen Loss

Wetland rhizospheres are spatially diverse withpees to redox potential, allowing the
formation of aerobic and anaerobic zones for siamgdous oxidation and reduction. Oxygen
transport into the rhizosphere is essential forréraoval of N-containing substances (Brix
1993). This is shown in the Nitrogen cycle by thensformation of NN by nitrifying
bacteria such ablitrosomasand Nitrobacter to NG;', then denitrification by denitrifying
bacteria to atmospheric nitrogenfNand plant uptake (Sprent 1987). It would also be
expected to observe differences in rhizosphere RGed upon species morphological
adaptations. Radial oxygen loss from vascular npgyi® roots may be a candidate for
optimizing enzyme activity within the rhizospheretlive FCWs. Wetland plants have internal
structures which help guarantee their survival ighly waterlogged conditions present in
wetland rhizospheres (Wiessner & Kuschk 2006).riveegas transport into the rhizosphere
by means of a morphological adaptation is cru@abplant survival due to £diffusion being
around 10,000 times slower in water than air (Coli2@03) It is the presence of the
arenchyma tissue structures that prevent asphgriati the waterlogged, below ground parts
of the plant. Oxygen supply is also particularlypontant to metabolically active and growing
sections of the roots especially when the surroumdioil they are penetrating is highly
anaerobic (Jackson & Armstrong 1999). The arenchygpeesents a means of long distance,
apoplastic gas transport pathways, supplying tssiat are photosynthetically inactive and
require an oxygen supply (Jackson & Armstrong 1999)

Sorrell et al. (2000) highlighted the differencesspecies aeration capacities. This may be
due to the degree of adaptation expressed spélgifimathe individual species as a result of
water logging and depth tolerance. (Armstrong 19869 found that intracellular gas spaces

vary greatly among species and therefore the tradlal oxygen loss (ROL) to the
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rhizosphere. Root arenchyma tissues exhibit 30-k@%of oxygen transported into the roots
to the surrounding soil, altering the chemical emwvinent of the rhizosphere, influencing

microbial communities and therefore extracellulazyames (Armstrong 1980).

The growth of plants in anoxic soils is undoubtadNuenced bythe presence of arenchymal

tissues and the resulting ROL, however total oxylpss and rhizosphere oxygenation are
limited by a number of factors. These factors ideluhe path length of the gas space
continuum from shoot tip to root tip, causing gasvfresistance and the diameter and density

of the arenchyma pathway (Jackson & Armstrong 1999)

From the above it follows that oxygen loss into theosphere may be correlated to phenol
oxidase activity, leading to the increased breakdamv aerobic conditions increasing the
anti-algal effect (Wiessner & Kuschk 2006).

2.7 Hypotheses

The following hypotheses presented are producemstder to confirm mechanisms proposed
in the literature and act as prerequisite for FC&earch in Chapter 3. Hypotheses also
inform test system design and aim to shed lightooganic material and plant species

selection.

1. different types of Organic matter introduced irtte wvater column result in different
observed rates of release and resultant concemtrati

2. Organic matter introduced into the water columnkbrodown by phenol oxidase
results in increased concentration of phenolicentes.

3. Phenolics within the DOC pool exhibit an anti-algékect.

4. The use of FCWs containing macrophytes signifigan#duces the effects of

eutrophication in small water bodies.

2.8 Methods

Testing of hypotheses was undertaken at a numbeacalés. This included bench scale,
200ml in-vitro analysis prior to 80L mesocosm tests for organatten selection and full
scale 480L mesocosms testing FCW design and fégsiBlilot testing in Chapter 2 would
inform the method for hypothesis testing Chapter 3.
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2.8.1 Experiment Setup for Organic Matter CompoRmikase, Anti-algal Effect and FCW

Design Analysis

2.8.1.1 200min vitro - DOC Release

Twenty five grams of organic Barley straw (as useWelch et al. (1990)) and Heather were
chopped to 3-4cm lengths and added to a sealabl@iner. Five replicate containers
containing each material were used. Material was subjected to desiccation prior to
weighing in order to replicate use in the FCW. Balecontainer, 200ml of ultrapure water
was added and lid sealed. The containers werddestand for a period of 1 week in full
natural light. Samples were taken from each coataamd passed through 0.45um syringe

filters and stored at 4°C prior to analysis.

2.8.1.2 80L mesocosms — Anti-algal effect of DO@iRblics Released from Barley Straw

Pilot testing at 80L level aimed to confirm antyal effect of DOC released by organic
matter observed by Wingfield et al. (1985), Welthale (1990) and Pillinger et al. (1994).
Prior to testing, an 80L, open topped container fillesd with tap water and allowed to
colonise naturally with pelagic green algae foreaiqul of 4 weeks. The algae present in the
container were sampled and cultured in order tatera dense pelagic colony. Mesh bags
were filled with 300g of barley straw and heathagdin not subjected to desiccation to
replicate use in FCW systems), 3 replicated of eaaterial were used. A 100ml floatation
device (capped centrifuge vial) was added to eddheobags to suspend the material at the

water surface.

Mesocosms were set up in a greenhouse of the rottheo Memorial Building, Bangor
University, Wales, using 80L containers filled witQL of tap water and allowed to settle for
24 hours. Systems were filled with tap water rathan water sources from a natural water
body in order to create uniform water chemistrywaetn all replicates The tap water was
vigorously stirred to “drive off” excess chloringlded at local water treatment plants. A
volume of 300ml of algal culture was added to eamfitainer prior to the addition of organic
matter contained in the mesh bags. Each contaiasrwgorously stirred to mix the algal
culture through the container. This was repeatéor po each sample taken from the water
column. Samples were taken every 3-5 days overS5awikek period (08/10/2010 —
03/11/2010) passed through 0.45um syringe filtadsstored at 4°C prior to analysis.

25



2.8.1.3 480L Mesocosms — FCW Feasibility

Testing at a pond scale was undertaken in ordasgess the viability of the systems prior to
analysis of the mechanisms involved in eutrophicathitigation, studies in Chapter 3. Small
water bodies were replicated using 480L tanks &xtain the roof of the Brambell Building
of the University of Wales, Bangor. The small panédsocosms were filled with 480 litres of
tap water and vigorously mixed as before. Two FQplicates were used; ponds without
FCWs were used as controls (N=2). FCWs were cortstillusing wire cages supported by a
floatation device around the circumference. A mgtmedia mixture of equal measures of
peat, Coir (coconut fibre) and finely chopped heatlvere used to replicate organic matter
added to the water column as demonstrated in Waleth (1990). Porous liners were used
in order to prevent loss of the organic media itm® water column. Into each FCW equal
numbers ofluncus effusuplants were added (figure 2.1). Plants used weteat old, FCWs
were constructed 2 months prior to use in the exysstt.

Phragmites australis

Juncus effuses.b. one species used per system, illustration g

Foam flotation attached around the outer of thecag

Substrate media mix of Coir, Peat and finely choppedther

Permeable liner to prevent loss of media into water

External wire cage containing the media into wirimbts grow

A

Tap water containing Long Ashton nutrient mix

Figure 2.1 Diagram of FCW set up.
Diagram indicates position of the FCW in the wédttedy. Water is able to freely diffuse from
the water column into the rhizosphere. DOC is aBle to leach out of the organic matter

media into the water column allowing interactiorthwalgal blooms.

High nutrient concentration solution was also adtethe water to induce eutrophic water
chemistry and stimulate algal growth. This solutisna modified Long Ashton solution,

designed to provide plants with all macro and miwudrients required by plants for healthy

26

nly



growth. The solution was added every 3—4 days @8weeeks in order to replicate the build-
up of nutrients in small eutrophic ponds before FEOMére added. Water samples were taken
6 times over a 4 week period. Two additional sasple the following were taken for
Chlorophyll —a analysis.

Separate nutrient solution stocks were made upnagldr solution. Compounds used were:

KNO3, Ca(NQ),.4H,0,

NaH,PO,.2H,0,

MgSO,. 7H,0,

EDTA.Felll.Na,

Micro nutrient multi stock - MnSE4H,O, CuSQ.5H,0, ZnSQ. 7H0, HBO;,
Na2MoQ,. 2H,0O,NaCl

6. Na2SiO3. 5H20

a bk 0N

Total stock volume added (ml)

61.74
5.4
0.78
123.42
61.74
61.74
12.36

N o gk~ wDbdRE

2.8.2 Barley Straw Boom Addition

For the final 2 sampling dates, one FCW was replacéh a barley straw boom. This was
undertaken in order to replicate organic mattentamdas undertaken in Welch et al. (1990).

This replacement aimed to assess chemical reléaspoand mesocosm scale.

2.8.3 Water Quality Parameters and Analytical Mdgho

In order to quantify DOC/phenolic release from arigamatter, confirm DOC/phenolic anti-
algal effect and suitability of FCW design a numlodérwater quality parameters were
measured at each level of testimg:vitro 200ml level quantified water column phenolics

alone; 80L mesocosms quantified release of DOCrggrac matter, phenolic concentration,
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SUVA;s4 and chlorophyll-a concentration as a proxy forahldensity. The FCW feasibility
study included algal density parameters and aduitip ion chromatography to quantify

phosphate, nitrite and nitrate concentrations.

2.8.4 Phenolic Analysis Method

Phenolic concentrations were determined using amdeadapted from Box (1983). 250 ul of
sample was added to a clear micro plate well. 1Pd Folin-Ciocalteau reagent was added
to each sample followed by 37ub of N&eCO; (200 g L-1). After 1.5 hours the absorbance
was measured at 750nm on a Molecular Devices MzZ=t&pmax plate-reader. Phenolic
concentrations were then derived from the prepamati a standard curve using tannic acid

phenol standards of known concentration (0, 1, B, 8, 10, 15, 20 mg'}).

2.8.5 DOC Quantification

DOC concentration was measured using an AnalytBalences Thermalox TOC/TN

analyser. In order to measure DOC the samples a@hfied to between pH2 and 3 and
sparged with oxygen for 2 minutes in order to reen@worganic carbon compounds. The
instrument was calibrated using potassium hydrogdmthalate standards of known
concentration (0, 5, 10, 15, 20, 30 and 40 mg L-1).

Machine replicates using the Thermalox are unnecgstue to multiple sample injections

during analysis. For this analysis the multipleatjon number was 5 injections.

2.8.6 DOC Chemical Composition as SUVA 254nm Anialys

SUVAs4 elucidates the general chemical characteristicD@C. This is achieved by
measuring absorbance of the sample at 254nm ascadn of DOC concentration. 300ul of
each sample was placed into a clear 96 well miate pvhich was scanned at 1nm intervals
from 200nm to 800nm. Three wells of Ultrapure wates used as a blank, machine used

was a Molecular Devices M2e Spectramax plate-reader

SUVAs4 values show strong correlations with aromatic andhic content of the DOC.

Values generated also infer molecular weight angree to which the DOC is labile or
recalcitrant (Weishaar et al. 2003). Values <lgmmerally LMW, highly aromatic and linked
to plant DOC release, whereas >4 generally indscaighly humic substances originating

from more recalcitrant organic matter. Values benvehese ranges express a transition
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between DOC which is aromatic, LMW which is high&pile towards more humic, higher
MW and more recalcitrant forms of DOC

SUVA is calculated by dividing light absorbance tmwe concentration of DOC. The path
length of the micro plate is 1cm therefore a mittgiion of 100 is required to convert the

value to 'mg* DOC / m*.

2.8.7 Algal Biomass quantified as Chlorophyll-a @ort

Algal content is assumed to be directly proporticimathe concentration of chlorophyll-a
present in solution. The chlorophyll-a content wlasermined by taking forty millilitres of
each water sample passed though Whatman Glass drdumle A filter paper. Samples were
wrapped in foil and frozen until all samples ha@rmeollected. Once all water samples had
been filtered, the filter paper was defrosted &t for 12 hours. Each filter paper containing
algal cells was placed into a 15 ml centrifuge tubth a lid. To the tube a 90% acetone
solution was added (1 ml milli Q grade water/9mktace). Tubes were left in &G
incubator in the dark for 20 hours, and invertedaswnally. 2.5 ml of sample were then
transferred to 3ml centrifuge tubes and spun a03pénh for 10 minutes. Spectrophotometry
absorbances are taken at 665 and 750 nm. Thesebabses were then applied to the

formula outlined in Golterman & Clymo (1971).

TotalChilorophyll = 11.0 ( Abssss- Abssso) Vl
»

(V) Volume filtered, (v) volume of extract (mkyp) is the path length (cm) and 11.0 as the

specific absorbance coefficient of 90% acetone.

2.8.8 Nutrient Pollutant Concentration Analysislby Chromatography

A suite of ions were analysed using ion chromafolgyausing an 850 Professional IC and
858 auto sampler, Thermo Fisher AS14A anion colamt Metrohm C4 cation column. A
range of standards were used separately for arams cations using Fluka Multi-ion
standard. Although multiple ion concentration valugre generated, only nitrogen and

phosphorus containing ions are discussed.
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2.8.9 Statistical Analysis Used to Assess PhenRbtease, Anti-algal Effect of Organic
Matter and FCW Feasibility

In order to ascertain where significant differena@smean water quality parameters lay,
analysis of variance (ANOVA) was used. This metlmanpares the mean value of the
parameter of each treatment (group) in questiorardier for ANOVA analysis to be valid,

homogeneity of variance around the means of eaolpgrs required. Levene’s statistic
clarifies if the assumption of equal variances haen violated.

SPSS version 19 was used for all statistical araly$e confidence level for significant
effect detection was set at(@05.

2.9 Results

2.9.1In-Vitro 200ml Phenolic Release
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Organic matter type

Figure 2.2 —Concentration of phenolics observed as component of total DOC released from two forms obrganic
matter; heather and barley straw. Error bars represent standard error of the data.

Barley straw is observed to release slightly gregteantities of phenolics into the water
column of the container compared to Heather, 14rid12.87 mg/L, respectively. ANOVA
analysis indicates a statistically significant eitfnce between treatments@p40).
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2.9.2 80L Mesocosms Anti-algal Study.
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Figure 2.3 - 80L mesocosms testing pictures. Barl&traw and Heather are shown, Left and Right, respeétely.

2.9.3 Analysis of Phenol Release from Barley Staawed Heather
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Figure 2.4 —phenolic concentration observed leachininto the water column surrounding organic mattercontaining
bags in and 80L mesocosm, observations over a periofl3.5 weeks.

Barley straw indicates a strong increase in phenalease over time, reaching a 7 fold
increase compared to heather by 3.5 weeks. Heattimates limited increase in phenolic
concentration for the duration of the experimenthwexception of the first 3 days. Phenolic

concentration observed at the end of the experimeststatistically examined by ANOVA,
which indicated significant differences in phenotitease between treatments (<0.001). This

31



data concurs with figure 2.3 indicating greateramonration of phenolics released by barley

straw compared to heather.

2.9.4 DOC Release from Barley Straw and Heather
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Figure 2.5 - Graph to indicate DOC leaching into tle water column surrounding organic matter containirg bags in an
80L mesocosm, observations over a period of 3.5 week

DOC concentrations mimics figure 2.4 showing phenohcentrations. Although DOC
production indicated a similar relationship to pblés, concentrations are an order of

magnitude greater.

2.9.5 SUVA Absorbance Values of DOC leached from@aStraw and Heather
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Figure 2.6 — Graph to indicate change in SUV4, over time for Barley Straw and Heather treatmentsin 80L

mesocosm.
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Rapid increases are observed in both of the tredatmising rapidly from below 1 up to 1.8-2

within 5 days. SUVA values remain reasonably stétméooth treatments for the duration of

the experiment.

2.9.6 Effect of Phenol Release on Algal Density
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Chlorophyll-a Concentration (pg/L)

Figure 2.7 —Water column Chlorophyll-a concentration in 80L mesocoms analysing the effect of organic riar

addition.

Densities use as a proxy for algal density. Bo#lattments indicate an initial rapid drop in
chlorophyll-a concentration in the first 10 daystioé experiment following the addition of
phenolic and DOC releasing material, however thieicgon in algal density is short lived.
Both treatments show increases in Chlorophyll-aceatration in the latter stages. The large
error bars in the final two samples are assocmatddbarley straw Chlorophyll density whilst

error bars for Heather remain similar throughout.
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2.10 Pond Scale (480L) Testing, Nutrient Uptak@jahAssays, DOC and Phenol Release

2.10.1 Water Column Phosphate Concentration
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Figure 2.8 — Graph to indicate phosphate dynamicsnithe water column of 480L mesocosms. GREEN dashed din
indicates removal of one FCW replicate and replaceent of a barley containing mesh bag. BLACK dashed rie

represents the stage at which nutrient addition isalted.

Phosphate concentrations in the 480L mesocosm FR@§thients show an initial decrease,
however limited change in concentration is obsetwasveen 15/10/201 and 22/10/2010. The
control shows stable phosphate concentration WWilL0/2010 before concentration of
phosphate is observed to decrease. At the Barlew saddition stage, 200% higher
phosphate is detected in the barley straw treatroemipared to the FCW or the control

treatments.
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2.10.2 Water Column Nitrate Concentration
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Figure 2.9 — Graph to indicate nitrate concentratims observed in the water column of 480L pond mesoaus.

BLACK dashed line represents the stage at which nutent addition is halted.

The control shows an increase in nitrate up to t7@EL0/2010 of the experiment, whilst
nitrate concentration in the FCW treatment remamwer throughout. The treatments
containing FCWs show a lesser increase in nutgententration during nutrient addition.

Nitrate concentrations in the FCW treatment quickdguced to near zero once nutrient

addition is halted.
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2.10.3 Water Column Nitrite Concentration
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Figure 2.10 — Graph to indicate nitrite concentraton observed in the water column of 480L pond mesoawos.
BLACK dashed line represents the stage at which nuient addition is halted.

Nitrite concentrations are observed to be very lmw the duration of the experiment.
However, nitrite concentrations remain lower in E@W ponds than in control treatments at

all times.

2.10.40Chlorophyll Density Analysis
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Figure 2.11 — Graph to indicate Chlorophyll-a concetration in the water column of 480L pond mesocosms.
Chlorophyll-a concentration is used as a proxy fototal algal biomass. BLACK dashed line represents i stage at
which nutrient addition is halted.
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Chlorophyll-a concentrations observed in the FCEétinents are observed to be a minimum
of 35% less concentrated that the control treatsfamtthe duration of the experiment. FCW
treatments also do not indicate a significant iaseein concentration as observed in the

controls.

2.11 Discussion - Small Scale Testing

Barley Straw released greater mean concentratigmerolics. This allows us to deduce that
water treated with Barley Straw would show loweloobphyll densities in relation to a lower

amount of algae in the water column.

Although significant differences were detected ety the concentration of phenolics
released by the two organic compounds, this difiegemay not be significant biologically.
Further testing at 80L which replicates a more @spntative system scale may confirm only

effect on algal density with respect to phenolid &0OC release from the material.

2.12 Discussion — 80L FCW Matrix Material and Aldgdnsity

The release of phenolics had a profound effect uperchlorophyll-a density, but not in the
manner expected. Despite the higher concentrabbmphenolics shown in figure 2.4, algal
density remains similar for both treatments (Fig@ré). Regarding figure 2.4, phenolics
released from barley straw increased in conceatratiroughout the experiment. Evidence
presented in Wingfiel@t al (1985), Welchet al (1990), Pillingeret al (2004) indicated that
the barley straw would have an increased anti-aggfEct and decrease the chlorophyll
density to a greater degree. In fact, the relakignsf algal densities over time is much the
same. This may shed some light upon the type ohglles released by each substrate
material. In that they may not only vary in ternfscomposition of phenolics but also in
terms of potency in their anti-algal effect, altgbubasic chemical composition (indicated by
SUVA,s, figure 2.6) seems to be similar.

Initially chlorophyll density is rapidly reduced yoth substrate types from approximately
65-85 ppm to between 10 and 20 ppm over a perioti2oflays. However, all of the test
containers experienced a secondary bloom in tla diays of the testing. Algae will strongly
bloom when conditions are optimal correlating wiigh light levels and warmer conditions,
as seen in natural situations during the summertimsoihe test containers were located in a

glass house on the roof of the Memorial building Riblogical Sciences and Bangor
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University. The glass house is heated in order &ntain a minimum temperature of i@

and automated venting allows a small amount of mari temperature control.

Temperature - October 2010
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Figure 2.12 - Local temperature (Mynydd Llandigai Wedher station, North Wales)

Figure 2.12 indicates temperature from a local herastation from the"8of October to 28

of October. A slight rise in temperature is showrthe final weeks of the experiment, this,
along with the possibility of high light levels dduhave provided for optimum algal growing

conditions. Potentially the secondary rise in obpdryll density could be attributed to

temperature and light, as opposed to senescenaeremilt of anti-algal DOC compounds.
However, the 80L mesocosms targeted anti algatteffie an established bloom alone, anti-
algal DOC might still prove to prevent the growthatgal blooms rather than acting as an

algaecide.

Figure 2.6 alludes to changes in the source of M@Aughout the experiment. Early values
indicate lower SUVA values that correspond withnpléalgal) exudates are the source of
DOC whereas higher values indicate a release frganic material such as heather or straw.
Indicating the DOC released is changing the lighdaaption properties of the water. The
increase in SUVA value over time is matched toghttern seen in the progressive release of

DOC and phenolics released by the organic matter.
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2.13 Discussion of Pond Scale Testing

2.13.1 Nutrient Pollutant Analysis, N and P Compdsin

Phosphate was seen to decrease more rapidly iRGM¢ treatment than the control (figure
2.8). This may be attributed to plant biomass preskiring the initial phases of the
experiment. Faster rates of phosphate removal raagchieved by FCW treatment because
the plants are already established; whilst in thetrol the algal density may not have been
sufficient to dramatically reduce available phogph&ontrol system algal density in figure
2.11 indicates a slow increase until the point whedgal biomass is significantly large as to
have an effect on phosphate concentration.

When analysing the phosphorus cycle in more détathn be seen that mechanisms of
phosphorus removal, although they include plantkmt are also heavily influenced by
precipitation with other compounds and also bindmmgediments and flocculation (Vymazal,
2007). It is proposed that the addition of the F@AY have released a degree of sediments
into the pond mesocosm or acted as a method byhvghiosphate became bound to the soils

in the system.

The latter part of the experiment a FCW was replagi¢h a barley straw boom. At this point
in time the phosphate concentration associated thith treatment increased rapidly. It is
proposed that as the barley straw broke down langeunts of phosphate were lost from the

boom (DOC and phenolics also released) and mayaexpthy Wingfield et al (1985)

observed little effect on algal density.

Figure 2.13 — Pond scale 480L mesocosm showing albgrstraw boom, which replaced the FCW
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Although a slight improvement in phosphorus remoagd was observed in FCW treatments,
unpublished data from West (2010, Unpublished) idles’ an explanation into the limited
rate at which phosphate is accumulated into the FTh¥ research was undertaken in order
to establish if there were differences in nutriehémical removal rate in relation to species
present in the FCW. The results of this experinstioiwed thaduncus effusus/as a species
that performed poorly at phosphate uptake in coisparto 4 other species of wetland
macrophytes from temperate climates. Species swilentay therefore implicate the rate at
which phosphorus removed from the water columnamyerted to biomass.

Nitrate was observed to increase over time in thetrol pond mesocosms. This was as
expected due to the gradual increase in nitrogeatitiad of the Long Ashton Nutrient
solution. Again chlorophyll-a concentration builas nitrate increases and nitrate is not seen

to be depleted until algal density becomes suffityegreat and nutrient addition is halted.

Similarly, a lesser rate of nitrate concentratiomréase was observed in the treatment
systems. This again may be attributed to the poesehplants taking up nutrient chemicals
instantly. Secondly, due to the set-up of the FQ¥W/rpo the pond scale mesocosm test it is
likely that the systems will have microbial comntigs, possibly containing denitrifyers,
developing within the rhizospheres. This would a&inoval of nitrate to gaseous forms

removing it from the water column (Shapleigh, 2013)

2.13.2 Characterisation of Algal Bloom Density dmtmation

The preceding parameters all indicate reductiomwinient content of the water column as a
result of the installation of the FCW systems. @nyll-a concentrations remained below
the concentrations exhibited in the control systenall times. This result emphasises the
feasibility of installing FCWs into ponds exhibigireutrophic water conditions in order to

prevent and mitigate against algal blooms.
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Figure 2.14 and 2.15 — Images of the control and F&Z mesocosm, respectively.

Control shows the density of the algae colonishng water column of the mesocosm whilst
visibly lower algal density is observed in the FCWwéatment. Control pond exhibiting
chlorophyll-a concentration of approximately 150ugAs opposed to under 50ug/L in the
FCW treatment.

Algal density was observed to decrease shortlyr aftérient addition was halted. This
process initiated the senescence phase of theldtgah showing decreasing concentrations
of chlorophyll-a in the water column. This processuld initiate water quality degradation as
heterotrophs decompose the dead algal bloom. Balling the FCW, bloom formation was
prevented leading to uncompromised water quality da the lack of heterotrophic
respiration as a result of organic breakdown ofaigal bloom.

2.14 Conclusions

All the systems containing an FCW system or indaelijnocellulose releasing substrate
were able to reduce or suppress algal growth uadeditions of nutrient enrichment, this
combined with data on species specific nutrient adyics (West 2010, unpublished)
progresses research into the mechanisms involveater quality mitigation.

With reference to the original hypotheses of Chapte

1. Organic matter of different types introduced irtte tvater column was found release
of DOC into the water column, at different ratedthAugh barley straw released
greater concentrations of DOC, heather indicatedlai anti-algal effect. Although
chlorophyll-a concentrations observed may have baenartefact of light and
temperature, heather was selected as the orgattierrttabe used in Chapter 3.
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2. Water sampling confirmed that organic matter inimet into the water column
broken down by phenol oxidase or otherwise resutieidcreased concentrations of
phenolics.

3. Released DOC and phenolics exhibiting an anti-addfdct is as yet unconfirmed,
further mechanistic analysis and experimental desigpdifications in chapter 3
should indicate anti algal effect of DOC and phasol

4. The use of FCWSs containing macrophytes was foundidaificantly reduce the
effects of eutrophication in small water bodies.skbl@sms where FCW were not

utilised resulted in a 3 fold increase in algalsign

Formation of hypotheses based upon species spexifieent dynamics informed research
proposals into the optimisation of FCWs and dewslept of understanding of bloom
mitigation mechanisms. Development of knowledgengaiinto the use of lignocellulose
releasing substrates in conjunction with nutriemoval mechanisms of a FCW may now be

explored based on the information gained in thsgaech.
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Chapter 3 - Investigation into Floating Constructed

Wetlands for Algal Bloom Mitigation
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3.1 Introduction - Species Dependent Nutrient DyicanmAlgal Bloom Mitigation in Floating

Constructed Wetlands

Following experiments confirming DOC release frongamic matter and subsequent anti-
algal effect inline with Pillinger, Cooper, & Ridg€l994); Welch, Barrett, Gibson, & Ridge,

(1990) and Wingfield, Greaves, Bebb, & Seager, $).98nd investigation into the hybrid use
of Floating Constructed Wetlands (FCWs), ChaptircBisses on mechanistic analysis of the

processes involved in eutrophication and bloomgatton.

This chapter utilised a number of developmentsxipeemental design. More specifically, a
series of 3 plant species are tested, includingtpthand unplanted systems and the use of

two trophic levels were investigated in 80L mesot®s
A number of hypotheses were proposed;

5. There are significant differences in nutrient sefy@ion characteristics between
wetland plant species

6. Morphological differences between species resaltgariation in radial oxygen loss
(ROL) from roots and rhizomes

7. ROL directly affect phenol oxidase activity

8. Phenolic degradation by phenol oxidase within t@&VFis enhanced by the presence

of wetland plants

3.2 Method

3.2.1 Experimental Mesocosm Set-up

Thirty 80 litre containers were set up on the roogp area of the Brambell Building,
Biological Sciences department at Bangor Univeraiales, UK. Each tank was filled with
70 L of tap water and allowed to settle. Followmgettling period of approximately 1 hour
the water in the tanks was vigorously mixed in ortte“drive off” any excess dissolved
chlorine added to the water at the local waterttneat plant and then allowed to rest for a 2

day period.

The experimental design employed the random assghnof trophic state and
species/treatment type with respect to locatiore fBsting tanks were positioned in 3 rows of

10 tanks. Although randomly assigned, in orderdioieve robust experimental design each
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trophic state and treatment type occurred in edt¢heo3 rows. Each treatment type was then

randomly positioned within the row in order to redwenvironmental effects.
The experiment was divided into two trophic levels

- H = Hypertrophic nutrient balance

- M = Mesotrophic nutrient balance
Each trophic level used 3 replicates of 5 sub-tneats.

- P =treatment FCW planted wiBhragmites australis
- J =treatment FCW planted wifluncus effusus

- | =treatment FCW planted withis pseudacorus

- F=FCW unplanted

- C = Control system — No Plants or FCW present

- 1, 2, 3 =Replicate number

Example - MP2 = Mesotrophic Phragmites replicate 2

HC1 HI1 Mil HF1 MCl1 |MJ1 MP1 HJ1 MF1 HP1

HP2 MJ2 MF2 MP2 HJ2 HI2 MC2 | MI2 HF2 HC2

MP3 MC3 | HJ3 MI3 HC3 HF3 HP3 MJ3 MF3 HI3

Figure 3.1 — Randomised block of treatment locatiohwithin the experiment

3.2.2 Trophic State and Nutrient Compound ConcéatrdManipulation

A nutrient solution similar to the experimental pbdchapter 3) as in the preliminary testing
(chapter 2) was used in the 80L mesocosms. The lAstgon Nutrient solution was
manipulated in such a way as to achieve two trofavels (Figure 3.2). These trophic levels
were based upon analysis carried out by (Wetzel 28mnith et al. 1999; Nurnberg 1996;
Dodds et al. 1998) on freshwater bodies. The mitselution was added at the start of the
experiment ( June 2011), a secondary nutrient replenishmenitafgen and phosphorus
containing solutions was performed on tieéaf August 2010. For both hypertrophic and
mesotrophic treatments micronutrient concentrationsre identical, only solutions
containing nitrogen and phosphorus were adjustectaate specific trophic conditions (fig
3.2).
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The nutrient pollutants KN§ Ca(NQ)..4H,0O and NaHPO,. 2H,O were manipulated in

order to achieve the following concentrations ia thesocosm study.

Nutrient type/trophic state Hyper trophic Mesotrigph
Nitrate concentration (mg/L) 25 2.5
Phosphate concentration (mg/L 2 1

Figure 3.2 - Concentration of nutrients achieved irthe water column of the 70L mesocosms

3.2.4 FCW Design and Addition to Mesocosms Systems

The FCW systems were exact replicas of the systesad in the 480L pond scale testing in

chapter 2. Again a 1:1:1 ratio of peat, coir anctdted heather was used as organic material

within a semi spherical cage and liner suspendedeasurface of the water column with an

inert foam floatation ring.

Phragmites australis

Juncus effususn.b. one species used per system, illustrat

only

Foam flotation around the outer perimeter of thgeca

Substrate mix of Coir, Peat and finely chopped Harath

Permeable liner to prevent loss of substrate iratew

External wire cage, commonly used for hanging baske

A

Figure 3.3 - Diagram of FCW set up.

70 L of tap water containing Long Ashton nutrienkiure

Diagram indicates position of the FCW in the wédttedy. Water is able to freely diffuse from

the water column into the rhizosphere. DOC is @Bz to leach out of the organic matter

media into the water column allowing interactiorthwalgal blooms.
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Once the nutrients within the test containers haehlmanipulated to provide a Hypertrophic

and Mesotrophic nutrient solution the FCWs wereealddmediately.

Systems were planted with equal quantities of gldng biomassPhragmites australis,
Juncus effusuand blris pseudacoruspecies were used. Three replicates of each species
were present in each trophic level. When plantiagtbe new FCWs, attached material was

washed from the root zone of the plants in ordexvimid contamination.

FCWs containingluncus effususrere planted in advance to the testing periodsélsystems
were constructed 9 months prior to the main testtage. This was done in order to achieve a
pseudo-control which aimed to highlight how perfamoe changes with established systems.
It was proposed that DOC and phenolic release fiteemorganic matter would reduce over

time.

Once fully planted each system was rinsed with5@gd- of water in order to remove any
residual nutrient within the organic material addedhe substrate material. This allowed for

more accurate plant nutrient assimilation quaratfan.

3.2.5 Method for Sample Collection and Preparadioa In Situ Analyses

Sampling was carried out on a weekly basis; thdmoogxing the water within the test
container was undertaken prior to and taking a Samiple from the water column. All water
chemistry parameters were measured from the walema samples rather than the pore
water unless otherwise stated. The pH and elect@aductivity (EC) were taken from raw
unfiltered samples. Dissolved oxygen (DO) was mesbin situ using a simple DO probe,
calibrated prior to each sample run. Both the poater of the FCWs and a water column
sample were measured. In order to sample porerwateessfully a 10cm porous tube was
inserted into the system rhizosphere and sealdd avitap, this allowed weeklg-situ DO

measurements. DO was measured weekly following eatér sampling event.

It is well documented that pelagic planktonic alggdom regularly exhibit pH values of

around pH 9-11. One example of pH studies in @hatd algal blooms is research carried out
by Seitsinger (1991) who recorded pH values oft8.30.5 in an estuarine algal bloom.
Therefore pH may act as simple indication of watieemistry as a result of algal bloom

formation.
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The samples were subjected to filtration througHGSE2 um filter paper in order to extract
an algal sample as previously described in the odstlof Chapter 2. Secondary filtration of
the same samples though 0.45um membrane filterspesdisrmed in order to stabilise the
sample and prevent degradation. Samples were o until analysis.

DOC, SUVA and ion chromatography were carried artthe methods detailed in chapter 2.
As described the specific ultraviolet absorbancayasis is used to describe the nature of the
DOC observed in water samples. There is much abrdhd debate over the use of SUVA
analysis due the analysis acting as a qualitatsgessment of DOC. Due to this SUVA
provides a guide to the degree of aromaticity amigucontent of the DOC (Traina et al.
1990). In general values above 2.0 indicate thesgmee of humic carbon compounds
(Weishaar et al. 2003) rather than fulvic carbompounds. Although SUVA provides
relatively little information about the actual furmnality of individual carbon compounds,
within a mixture it may be more applicable and pdevand average measure of the DOC
(Weishaar et al. 2003; Miller 1999).

3.2.6 Chlorophyll Extraction for the Quantificatioh Algal Bloom Density

Following analysis of algal bloom development ie #80L mesocosm study, algal colonies
were not added to the mesocosms, rather algal iHodewveloped naturally. Chlorophyll

analysis was modified from the method used in arapt which followed the method of

Golterman & Clymo (1971). Sample preparation heas wientical, however the solvent was
changed from 90% acetone solution to 100% methaabent. Secondly the incubation

period was modified from 20 hours at 4°C to 10 rtesun a 60°C water bath. This modified
protocol is outlined in (Jespersen & ChristoffersE987) who statistically compared a
number of solvents, incubation times and tempeeatuiNo significant difference in

chlorophyll concentrations were found between 90%ta@ne at 4°C for 20 hours and the
alternative method using a in a 60° water bathlfdminutes. Additionally the absorption

coefficient was adjusted to 13.9 to reflect theoapson coefficient of 100% methanol.

3.2.9 Water column and rhizosphere Enzyme Actifutalysis

The enzymes studied in the experiment were dividiedtwo sub groups; phenol oxidase and
hydrolases. Only hydrolase phosphate was studasgdoon preliminary findings where only

this enzyme was found to indicate any activityhiea ECW system.
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Freemaret al, (2003) discuss the potential for greater concéntra of phenolic breakdown
products in oxygenated conditions. In the FCW expent Phenol oxidase activity was
measured and correlated against rhizosphere aret s@tumn DO concentrations. As stated
in the hypotheses, it was expected that greategenxyavailability should correlate with
greater phenol oxidase activity in the rhizosphdiles should therefore result in phenolic

compounds and resultant suppression of algal growth

To study the level of phenol oxidase activity, atpcol was modified from that of Pind et al.
(1994). Rather than sampling rhizosphere organittemawhich is destructive to the FCW,
pore water samples were taken from the rhizospheffédke FCWs. These samples were
taken from the 10cm porous tube. A final destritiphenol oxidase activity assay, using

substrate from the FCW systems, was performedetiitial week of testing.

Three replicate samples of pore water from eachtrtrent were used. Three blank and 3
treatment centrifuge vials were used for each sartgien from the FCWs. A volume of
0.75ml of sample was added to 1.5 ml centrifugeesulio which 0.75 ml of Mili-Q grade
water was added in order to achieve a blank vafuthe treatment centrifuge vials 0.75 ml
of L-dihydroxy phenylalanine (L-DOPA) was added.eTtentrifuge vials were incubated at
field temperature for 9 minutes and inverted oawaaily before centrifugation at 300rpm for
1 minute to terminate the reaction. A volume of B06f each sample was transferred to a
clear microplate and measured for absorbance avalength of 460nm using a Molecular

Devices M2e Spectramax plate-reader.

Activities were calculated by considering activitgr ml of pore water. The calculations used
the molar absorbance coefficient of 3-dihydroind®l@quinone-2-carboxylate; 37000.

Results are presented as mM 2, 3-dihydroindolegbifene-2-carboxylate/ min/ ml (Pind et

al. 1994).

3.2.11 Statistical Analyses

Statistical analysis was undertaken using genenglat model analysis with statistical
package SPSS version 19. Testing by means of adnb@gveen-within subjects ANOVA,
alternatively named Split Pilot ANOVA (SPANOVA) alved statistical analysis of
differences in the relationships of the treatmeants] also if rates of change were statistically
different with respect to time. Two factors werealysed; between subjects analysed
treatment effect whilst within subjects confirmdteet over time. ANOVA analysis was also
undertaken.
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3.3. Results for Hypertrophic and Mesotrophic FCYp&riment

3.3.1 Water column pH
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Figure 3.4 —pH over time under hypertrophic conceration. Figure 3.5 —pH over time under mesotrophic concenation.
Error bars represent standard error of the datpeHiophic control system can be seento  Error bars represent standard error of the date.cBhtrol system peaks at a similar time to
increase in pH dramatically on the 28th of Junds Thlinked to a rapid increase in algal the hypertrophic nutrient solution. The planted F€%Iso show a small amount of change
density observed at the same period of time (FR2)3 The graph also shows a secondary iy pH, but remain slightly acidic throughout thetteSPANOVA analysis for mesotrophic
rise in pH for all treatments following nutrientptenishment on the 1st of August. A pH values indicating significant differences betwethe pH values of the different
smaller increase in pH is observed in Phragmitesids treatments. SPANOVA analysis treatments over time.
showed statistical difference (p<0.05) between pltues of the varying treatments over
time.
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3.3.2 Electrical Conductivity
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Figure 3.6 — Electrical conductivity over time unde hypertrophic concentrations.

Error bars represent standard error of the datactfidal conductivity shows a slow
decrease in over time, except in the control, wiedgetrical conductivity increases. Control
treatment indicates greatest EC throughout the rewpatal procedure. A secondary
increase in EC occurs in the time after the 1gtugjust following nutrient replenishment
No significant difference was shown over time resmocurves for SPANOVA analysis.
However significant difference between treatmends wetected. VisuallPhragmitesand
Iris treatments may a form homogenous group.
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Figure 3.7 —Electrical conductivity over time undermesotrophic concentrations.

Error bars represent standard error of the datantaihers showed 30 to 40 units lower
values than hypertrophic EC. Lowest EC is recorihettis treatments, decreasing from
165 to 96 U Sieverts. Following nutrient replenigiina rise in EC is observed in control,
FCW and Juncus treatments. SPANOVA analysis for mesotrophic E®wsd no
significant difference within subjects over timeowever, significant difference between
treatments was detected; treatments are observetieinsame order as hypertrophic
treatments.



3.3.3 Phenolic Compound Concentrations
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Figure 3.8 — Phenolics over time under hypertrophiconcentration.

Error bars represent standard error of the dateeatér concentrations of phenolics were
detected inlris, Phragmitesand the FCW control system. Lower concentratiofis o
phenolics were observed in tlieincus Yet phenolics presence is detected in control
treatments. SPANOVA indicated significant differeacover time and also between
treatments.
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Figure 3.9 — Phenolics over time under mesotrophioncentration.

Error bars represent standard error of the datendlics in all treatments indicate similar
concentrations as hypertrophic mesocosms. FCW daonteleased the greatest
concentration of phenolics during the primary stagéthe experiment. Lowest phenolic
concentration was detected in control, similarigufe 3.8. SPANOVA analysis indicates
significant differences between treatments overetirtp=0.018). Significant difference
between treatment types was also detected.
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3.3.4 Dissolved Organic Carbon
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Figure 3.10 — DOC over time under hypertrophic conentration.

Error bars represent standard error of the data.gfaiph indicates an increase in DOC over
time. Control and Juncus treatments indicate vemilar and consistently lower
concentrations of DOC throughout the experimentAlSBVA analysis indicated

statistically significant between treatments (p€Q)0

Figure 3.11 — DOC over time under mesotrophic conogration.

Error bars represent standard error of the datail&irelationships are observed in DOC
release over time between mesotrophic and hypértopsystems. However, the

concentrations of DOC observed in the mesotropystesns are only 50% of that observed
in the hypertrophic systems. SPANOVA analysis iathd significant differences over

time and also between treatments.
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3.3.5 SUVA 254nm Analysis
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Figure 3.12 - SUVA 254 over time under hypertrophiconcentration.

Error bars represent standard error of the dat. tréhtments rapidly stabilise by
22/06/2011. All systems except the control extsbitilar SUVA values. Control treatment

mesocosms exhibited SUVA of <0.5 throughout theseixpent

Figure 3.13 - SUVA 254 over time under mesotrophiconcentration.

Error bars represent standard error of the datail&@irelationship in SUVA is shown over
time. Stabilisation occurs rapidly, Phragmites drid indicate slightly greater SUVA
values as compared to Figure 3.12. Differencesdmtwiuncus and the other treatments is
more pronounced in the mesotrophic mesocosms agasethto hypertrophy
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3.3.6.1 Phosphate
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Figure 3.14 — Phosphate over time under hypertropliconcentration.

Error bars represent standard error of the datent&d treatments show a rapid reduction in
concentration to virtually nil within two weeks efart-up. The control treatments both
indicate a lesser reduction gradient. SPANOVA asialghows significance in phosphorus
for the treatments over time and between treatmé&hts effect size between the treatments
was large; with a strong level of significance fdubetween the treatments. ANOVA
analysis in week 3 indicates that both control syfirm homogenous sub sets separate
from any of the planted treatment.
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Figure 3.15 — Phosphate over time under mesotrophzoncentration.

Error bars represent standard error of the datac€dration of phosphate at start-up
indicate 50% lower concentrations, however simdancentration dynamics occur. The
FCW control rapidly becomes a source of phosphomtiich then declines. SPANOVA
analysis does not indicate statistical significanger time however significance between
treatments is detected.
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3.3.6.2.1Nitrite
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Figure 3.16 — Nitrite over time under hypertrophicconcentration.

Error bars represent standard error of the dattallpeaks in nitrite are observed in both
the controls, particularly in the unplanted FCWtegs Following nutrient replenishment a
pulse of nitrite is observed in all treatments @ading Juncus and FCW as greatest and
least effect, respectively. SPANOVA analysis inthchsignificance between treatments

and treatments over time

Figure 3.17 — Nitrite over time under mesotrophic oncentration.

Error bars represent standard error of the datac&trations are initially one tenth of the
concentrations observed in hypertrophic testinquil@rly, the nitrite shows a comparable
removal pattern, where both control treatments ISRANOVA analysis indicated
significance between treatments and treatmentstower
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3.3.6.3 Nitrate
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Figure 3.18 — Nitrate over time under hypertrophicconcentration.

Error bars represent standard error of the date Graph indicates varying rates
concentration decrease with treatment type. Rapidoval is observed in the planted
treatments. FCW and control treatments achievelaifow concentration 2 weeks after
planted treatments. SPANOVA analysis indicated ifgant differences between
treatments and over time.
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Figure 3.19 - Nitrate over time under mesotrophic encentration.

Error bars represent standard error of the datavery similar relationship between
treatment type and nitrate removal is observedablgt the concentrations recorded are
one tenth of the concentration observed in the tgggEhic systems. SPANOVA analysis
indicated significance between treatments and over time.
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3.3.7 Dissolved Oxygen
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Figure 3.20 - Water column DO, treatments averagedor the duration of the
experiment.

Error bars represent standard error of the datae WBar graph indicates that DO
concentrations are consistently higher in hypehioptreatments. ANOVA indicated
significant difference in DO between trophic letelatments. Analysing the trophic level
treatments separately showed that a significafdreifice also lies with the FCW treatment
exhibiting significantly lower DO.
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Figure 3.21 - Pore Water DO, treatments averaged fahe duration of the experiment.

Error bars represent standard error of the datpeHrophic pore water dissolved oxygen

was shown to have a statistically significant diéfece between treatments. Conversely, no
significant difference was observed in pore wat€r €ncentration between treatments at
the mesotrophic nutrient level. Note — No pore wagenple for Control
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3.3.8 Chlorophyll-a Concentration Inferring AlgalbBm Density
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Figure 3.22 — Chlorophyll-a over time under hypertophic concentration.

Error bars represent standard error of the datéh Bee FCW and control show peaks
where chlorophyll A is above 200 mg/l. The contsblows a peak at 05/07/2011 and
second at 09/08/2011 following nutrient replenishind-ollowing both of these peaks
senescence of algae is observed indicated by ttreas® in chlorophyll a concentration.
The FCW control however only shows one large irggeia chlorophyll-a concentration
following the second nutrient addition reaching aximum approximately 700 pg/l. All of
the treatment systems containing planted macrophytaintained low concentrations of
Chlorophyll A throughout the duration of the expeent, never increasing above 45 pg/l.

SPANOVA analysis showed significance over time hativeen treatments

Figure 3.23 — Chlorophyll-a over time under mesotrphic concentration.

Error bars represent standard error of the damil&8ito the hypertrophic systems the
FCW treatment showed a distinct rise in Chlorophyltoncentration on 26/07/2011
following nutrient replenishment, whilst relativdlyw concentrations were observed in the
planted systems throughout the test. SPANOVA arwmliyglicated significance between

treatments

59



3.3.9 Phenol Oxidase Activity

Enzyme activity uM /| Correlation with DO| Correlation with DO water
Time min/ ml Pore water (B column (R)
week 0 0.88 0.096 0.0159
week 5 1.29 0.0017 0.0021
week 11 2.37 0.0158 0.0052
week 11 soll 5.63 0.0128 0.0072

Figure 3.24 — phenol oxidase activity recorded irhie pore water of the FCWs.

Week 11 soil indicated destructive test on FCW pigenatter.

3.4. Discussion

3.4.1 Basic Hydrochemistry — pH, EC

Hypertrophic pH values followed trends as descrili®d Seitzinger (1991). pH rose
dramatically in the control treatment peaking atuad 10.7. Seitzinger (1991) observed
values of 9.5 to 10.5 in an algal bloom; howeveés thay have been related to the benthic
phosphorus release and associated high pH valtres than the algal bloom causing the pH
rise; however benthos was used in the experimehytoplanktonic species grow by
assimilating carbon into their biomass (Schippérale2004). This process is an important
component in all plant life, including pelagic atgassociated with eutrophication. As algae
assimilates carbon and is converted to biomass;aheentration of C@in the water column
decreases. Dissolved @©ontributes to the acidic balance of water chemi@Villoughby
1976), as this is removed and bound within thelalghs, pH increases. This is likely to be
the main driver for pH increases in the FCW mesoc@xperiment. Although nutrient
concentrations in the mesotrophic experiment wenget, similar results were found,
typically between 9.5 and 10. However, plantedtinemts pH levels remained relatively
stable around 6.5. This baseline pH was not obdetivéhe same degree in the hypertrophic
treatments, here greater fluctuations were obser&stondly, following the nutrient
replenishment on the®Iof August, pH dramatically rose to similar levels the control in
both thePhragmitesand theJuncustests. This may indicate the presence of a @Dsuming
algal bloom formation in the later stages. Althoulybre were variations in pH for all of the
tests, the statistical analysis confirms that wipdants or anti-algal phenolic releasing
substances are not present, pH can be observednatically increase, as explained above.

EC provides an indication of total dissolved ioB€. values exhibited in the hypertrophic and
mesotrophic treatments are initially around 200 &@@ ps respectively (Fig 3.6 and 3.7).
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This indicated that the hypertrophic system didesudl have a greater charge carrying
capability suggesting higher concentrations of ieatr pollutants in solution. This is as

expected, due to the dissolved nutrient concentratianipulation. If uptake or removal of

nutrient pollutants such as nitrogen and phosphtased compounds was occurring, it
would be expected that EC declines over time. Thegethe rate at which EC is depleted
may provide indications into the rate at which tiogrient ions are being taken up or removed
from the water column. The EC of the control treatimwas distinct compared with other

treatments used. A significant increase in EC weseved following the addition of nutrient

solution on the % of August however a general decrease in EC wasrebg in both

hypertrophic and mesotrophic systems.

Nutrient pollutants mobility in the mesocosms wasestricted between the water column
and the organic material rhizosphere of the FCWthen experimentation would need to be
undertaken to confirm the fate of nutrients in $iystem, in particular biomass accumulation.
Sasser et al. (1996) (in Headley and Tanner, 2@ii6)d higher pollutant concentrations in
natural floating wetland root and sediment matsntia the surrounding water column.
Pollutants were also more concentrated in floatmgg root zones than in natural marginal
marshes, where the macrophytes were rooted intsdtienents. Headley and Tanner (2006)
suggested that this could be due to the amounitefaction the roots of the macrophytes in
the FCW have with the water. In other treatmentlamels, especially free water surface
systems pollutants have to diffuse into the bergkitiments before the plants have access to
them. In these systems, most of the removal oaduesto the interaction of the pollutants
with attached microbial communities called biofilnis floating systems both the roots and

the biofilm have more direct access to the compsumdhe water column.

Although this may be true, Sasser et al. (1996hdotlnat the nutrient compounds and within
the vicinity of the floating mat was increased. Hwer this was attributed to underlying
benthic stratigraphy of the sludges and organictsuizes that collect beneath the floating
mats. This is similar to the results Seitzingerd@Pobserved in relation to the formation of
algal blooms, where benthic sediments present enwhter body were found to release

nutrients into the water column.

Although these mechanisms could explain the deerga&C over time, in this instance it is
more likely that nutrients are being removed andngdbin the FCW. This is because no
sludge or benthic sediments were added to thentesds, nor were significant quantities
formed during the experiment. However, it is impattto note that EC can be used only as
an indicator, similar to the total dissolved so(iltDS) measurement. This allows us to
conclude that the presence of plants, in combinatith the FCW system are involved in the
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removal of ions from the water column. Furthermdms, and Phragmitesapparently reduce
the ions in the water column to the greatest degree

As mentioned in Methods, thincusFCW's were constructed a number of months prior to
the installation and start-up of the experimentisThsults in a lessened removal effect when
analysing EC. One explanation for this could beititeeased root and shoot development in
Iris andPhragmitedn the early stages of the testing, resultingnnrnzreased need for uptake

of nutrient ions, leading to a more dramatic desega EC over time.

Although the statistical analysis showed limitegngicance in the hypertrophic treatment
systems, over time a general decrease in EC wasvaus(Fig 3.6). The effect was made less
pronounced due to the replenishment of nutriens iom the T of August. The SPANOVA
also did not detect a difference between treatmeAtsdescribed in the results, if post-hock
testing were valid, it may be possible that homogensub sets would be found. This is
certainly supported graphically.

Similar results were found in the mesotrophic gyste however significant differences
between the treatments were observed. Change ovECtime was similar in all treatments;
however variability between treatments was fourtdsTs likely to be induced by the greater
drop in EC observed in th&is and Phragmitesmesotrophic systems over time with

particular reference to the final stages.

3.4.2 Anti-algal Compound Formation — Phenolics M&hd Characterisation of Properties

Phenolic release was hypothesised to act as abpmssiethod for algal control due to
inhibition of algal growth thereby acting as a matwalgaecide (Pillinger et al. 1994). During
the first 7 weeks of the experiment, water colunmernmlics concentration increased in all

treatments, however the increases were observectto at different rates.

The control systems show a small increase in plEnolver time. These are likely to be
phenolics generated by the algae rather than edefasm organic material. This occurs as a
result of exudate released from the algal cellsli@dyhby 1976). This is confirmed later
with SUVA analysis which enables understanding hed molecular weight and humic to

fulvic ratios of the phenolics.

In both hypertrophic and mesotrophic treatmedtsjcusand control treatments indicated
significantly lower phenolic content than the otheeatments. TheJuncus had been
established for a period of time when most labi@@®forms were lost. Here DOC and

phenolics leached from the rhizosphere during tabilssation period. This indicates that
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long-term phenol released from FCWs will reducereatain effective during the lifespan of

the system.

Production of phenolics was observed in controatireents, likely to be due algal cell

exudate production. Vasconcelos & Leal (2008) discexudates of marine algae and
cyanobacteria and the potential for such exudatesadt as allelopathic substances
contributing to the chemical environment around phmeducer. Exudates are a means of
protecting the cells against external causes dadssirfor example extreme pH. Such
substances affect and influence the developmermt,imrsome instances growth, of other
organisms. These exudates contain carbon and leby lio contain small amounts of

phenolic compounds.

Furthermore, algal control and bloom prevention p@yained as a result of the macrophyte
root exudate. Hypotheses stated phenol oxidasgitgctvould correlate with ROL from
arenchyma tissues, and resultant phenolics in #terveolumn. However, if we forgo phenol
oxidase activity; differences in water column pHencontent may be due to the composition

of macrophyte root exudates.

Considerable evidence supports differences in otenomposition and concentration of
plant root exudates. Larue et al. (2010) descriv his, Typhaand Phragmitesexhibit
varying concentrations of intracellular root tisqaleenolics. This is especially evidentlirs
during the spring, where intracellular phenolic camtrations are found to be in excess of 10
times greater than iRhragmites During this seasohis is producing large amounts of root

and shoots biomass and resultant root exudate.

In hypertrophic planted systems greater water colphenolic concentrations were observed
in Phragmitescompared to other species. Under mesotroptsy was marginally more
concentrated thaRhragmites All rhizosphere organic substrates used in theexgent were
equal, and although the nutrient concentrationy saynificantly between hypertrophic and
mesotrophic treatments there was little differenmcebserved phenolics between the two
trophic levels. FCW also exhibited high phenolipgsticularly in the initial phase of the

experiment.

Statistical analysis showed that there were sicpnifi differences in phenolic concentrations
between species and also over time for both nutriegimes. One of the limitations of
SPANOVA is that differentiation between homogengus sets within the data cannot be
made. Although this limitation applies, the resutsm the secondary control (unplanted
FCW) were unexpected. During long periods of tleting the FCW treatment exhibits high

levels of phenolics. Various reasons for this amppsed. Plant nutrient assimilation in FCW
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does not occur due to the lack of plants. This deldincreased potential for algal bloom
formation and subsequent increased algal phendaladustion. Similarly, changes in
biological or chemical oxygen demand within thezdsiphere potentially lead to anaerobic
decomposition of organic matter. Carbon is a keystiuent driving denitrification and is
being used up more easily in systems where plaetpr@sent. These issues also link into

other parameters measured.

Phenolic compounds of any description are basedndr@an aromatic carbon ring and are
classed as a component of the total DOC pool innsieer columns and rhizospheres of the
FCW mesocosms. DOC production is of importance tdugystem processes reliant on its
presence such as microbial driven denitrificatidhihough the release of DOC is generally
seen as a negative impact in terms of the rislowhétion of trihalomethane by-products in
drinking water (Gallard & Von Gunten 2002) or th®lplems associated with the release of
recalcitrant carbon stores from peat (Freeman. &081). The type of DOC released from
the FCWs should have a lesser effect due to thke lahture of the carbon released. Much of
the carbon released from the FCWs is in the formh&nolics which are also generally short
lived (Welch et al. 1990) and readily broken dowtoicompounds such as quinones.

In both trophic systems an approximate linear iaseein DOC is observed. Similarly a pulse
of DOC production is observed following nutrientplenishment on the $1of August.
Nutrient influx may have increased macrophyte kgadal processing increasing DOC or

exudate production.

Smith & Kalin (2000)(in Headley et al. 2006) reptimat DOC could be released from the
rhizosphere of FCWs in significant, and biologigalseful, quantities. DOC and patrticularly
particulate organic matter released from such systeould be enough to act as a source of
carbon for biomineralisation of metal pollutants.these tests, DOC production may be a
product of available nutrients in the water colufatlowing nutrient replenishment, this is

indicated by the doubled DOC values in the hypetiotests.
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Figure 3.25 - Schematic diagram of Carbon storageand transformations in wetland systemgKadlec & Wallace
2008)

Kadlec & Wallace (2008) provide a simplified scheimaliagram (fig 3.25) of the main
processes occurring in a treatment wetland thatriborte to the rhizosphere and pore water
DOC pool. The processes included are solubilisatibehemically bound carbon and the
decomposition of structurally bound carbon. Herer¢his no reference to the component of
the carbon pool produced or removed by the plamsyever, Koretsky & Miller (2008)
report that total organic carbon is typically higihe un-vegetated sites. This was found to be
the case in the rhizosphere of an estuarine spetig® Juncusgenus. Similar results were
observed in both the nutrient regimes of the FC\tesy (Fig 3.10 and 3.11), although this

result was not significant.

Gaseous nitrogen species analysis may provide rowettion that the denitrification process
was occurring at a greater rate within the plarggstems. This process relies on microbial
colonisation by denitrifiers and readily availabblrbon source (Kadlec & Wallace 2008). As
plants are known to release carbon based compofrods their root tissues thereby

modifying the environment in which they grow, inesed denitrification may occur as a

result of increased available DOC in the water olu
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3.4.3 Nutrient Pollutant Biochemical Cycling — Phbsrus and Nitrogenous Compounds

Phosphate is predominantly a limiting factor gowegn primary production during
eutrophication events in freshwater bodies. In btith nutrient regimes a release of
phosphorus was detected in early stages in theantgad FCW system. It is likely organic
material is acting as a source of phosphorus, iegdhto the water column. This leads to
inferences about the total removal capability ia phanted systems. Planted systems reduced
the phosphate added to the systems at the stanglass the phosphorus leached by the

organic material as observed in the FCW treatments.

Nutrient concentrations in the containers wereioailly designed to achieve nutrient values
characterised by hypertrophy and mesotrophy. Alghotlhe nutrient concentrations did not
comply with concentrations reported in the literatWetzel 2001; Smith et al. 1999;
Nurnberg 1996; Dodds et al. 1998) algal bloom fdromadid occur. Variation in trophic

levels was achieved and resulted in differencegater quality parameters observed.

Whilst mesotrophic phosphate reduction reachedemdrlow levels by 22/06/2011 in the
planted systems, the removal rate in the hypericoglystem was more rapid. This
relationship can be explained by a method develdyeladlec and Wallace (2009) for the
design and scaling of CWs for water pollution cohtiThe authors developed a method
utilising the P-k-C* equation. This method relieslmowledge of hydraulic efficiency within
the CW and evenness of mixing referred to as thak§an Series model known by the
parameter P, temperature driven compound degradadiies, k, and importantly wetland
background concentration given as C* which is giemna system cycling and rerelease
parameter. This final parameter can cause chakemg&€W scaling, due to the fact that as
the designed effluent concentration approachesalifey the more difficult it becomes for a
pollutant to become removed or degraded. The ratehech phosphate is removed in the
hypertrophic system during 14/06/11 - 22/06/201kimilar to that achieved in the much
lower phosphate concentrations observed in the tmogdoc system during initial stages.

Interestingly, a peak of phosphate was observedaak 10 of the control. Mesotrophic
control indicated a slow reduction in phosphatecentration, which is most due to algal
uptake and subsequent bloom formation, as indicatethe water column chlorophyll
analysis. Phosphorus release coincides exactlythélsenescence phase of the algal bloom.
This supports research carried out into algal ble@mescence, post bloom formation. Here
classic effects of eutrophication occur due to dlegradation and breakdown of the algal
bloom (Wetzel 2001; Schlesinger 1997; Vitouseklefl@97; Smith et al. 1999). Zhu et al.
(2013) analysed the breakdown of algal blooms flake Taihu in the Yangtze River delta.
Water samples were analysed for nutrient pollutafgéase and effect upon DO. During
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degradation, phosphate rose rapidly from zero witth days of sample collection with a
corresponding drop in DO.

Release of phosphate was not observed in any opldrged treatments. Two reasons are
proposed; assuming no algal bloom was formed, hsesyuent release of phosphate would
occur in the senescence phase (Fig 3.14 and Plect plant uptake is therefore highly

likely to be the main driver for phosphate removal.

Headley and Tanner (2006) describe the multiplestisnof using FCWSs rather than more
conventional systems. Not only can FCWs be retedfitinto aquatic environments and
situations where extreme fluctuations in water lewe observed, but also in floating systems
there is a significantly greater rate of plant kptavailable due to the direct suspension of
the roots of the system suspended into the watpririeg treatment, much like hydroponic
horticulture. In FWS systems the macrophytes awerb into the bed media meaning
phosphorus must first diffuse into the soils at blase of the system before being up taken
into the biomass (Brix 1993). The rate of uptakesush that bloom formation is hindered

significantly due to phosphorus limitation.

Although freshwater system productivity is limitég phosphorus inputs, nitrogen based
compounds significantly affect water chemistry asdsuch the potential for algal bloom
formation. As mentioned nitrogen containing compigiare crucial to vegetation biomass
development. Wetlands of various types are ablpré@ess a range of nitrogen containing
pollutants. Primary mechanisms include nitrificati@and denitrification by microbial
communities in the rhizosphere of the system (Mit&cGosselink 2000). Nitrification takes
place when oxygen demands for the process can lebyneadial oxygen loss from
arenchymous tissues in the plant root (Sorrell let2800; Armstrong 1980) whereas
denitrification occurs when labile carbon is plartiand reducing conditions prevail
(Vymazal 2007; Sprent 1987). Treatment wetlands avke to modify the rhizosphere
environment allowing for reducing and oxidising ddions to prevail within the same
“reactor” (Wiessner & Kuschk 2006). Furthermore, asll as the substrate mixture of
Calluna vulgaris peat and Coir acting as a source of anti-algahphcs, some of the more
labile DOC compounds probably added to the carb@ol pavailable for driving

denitrification as well as plant root exudatesqtisiquantified in Chapter 6).

Significant differences in nitrite removal were falibetween the control groups and planted
treatments in the hypertrophic systems. As with sphate, the unplanted FCW control
leached nitrite. It is certainly possible that rolwal breakdown of nitrate to nitrite has

occurred (Sprent, 1987). Although it is expectedt tthe systems would become quickly
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colonised it is unlikely that the colonisation bgnitrifying microbes had occurred at this
stage. Only microbes contained within the peat tsatesadded to the FCW during system
construction could be a responsible for an immedrasident population of denitrifying

microbes.

Mesotrophic systems show remarkably similar resgsrs leaching or production of nitrite
by the FCW control as hypertrophic. In the mesdirogontainers nitrite concentration was
similar to the initial nitrite concentration in thieypertrophic system. However, in the
mesotrophic system there is a lesser leaching adugtion effect shown in the control. All
unplanted FCWs were identical, which raises questi@garding the increased presence of
nitrite  within the hypertrophic system. Heffernan E&isher (2012)who studied the
establishment phase of a wetland stream systenilgedwow in some more developed or
steady state environments plants and microbesceitipete for nutrients until the biomass
demand is met. Their results from early successistages of the wetland show that plant

uptake is inversely proportional to denitrificatioyp the microbial community.
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Figure 3.26 - microbial nitrogen removal against @nt uptake.

Graph shows removal percentage of Dissolved Inaecghiitrogen (DIN) (Adapted from
Heffernan and Fisher (2012))

Figure 3.26 shows how microbial removal linked &nidrification does not increase until
plant uptake begins to fall. However in the contr@dsocosm systems there are no plants to
outcompete the microbial community for nitrogenisTis a possible explanation as to why
the peak in nitrite is observed. This factor, free use of nitrogen without the pressure of
competition from plants may explain a larger ratrjgroduction peak in the hypertrophic
system, proposed to be due to increased availalodgenin the water column as a substrate

for microbial denitrification.
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From figures 3.18 and 3.19, nitrate removal is ityeabserved in the FCW control. As this
cannot be due to plant uptake, microbial redudi@onitrite or organic matter binding must be
occurring. Post-Hoc analysis shows the plantecesyst FCW control and standard control to
be in individual homogenous sub sets respectivdijrough rhizosphere oxygenation levels
will be discussed later, it was found that over tioeirse of the experiment the FCW was
significantly lower in DO throughout the 11 weeK#is factor supports microbial reduction
of nitrate to nitrite, as this initial step in tlkenitrification process requires not only a
sufficient and suitable carbon source but also ratée or reducing conditions within the

rhizosphere (Vymazal 2007).

Again, algal bloom dynamics will be discussed itadeat a later stage, however the bloom
events observed in the FCW control and the standardrol seem to coincide with the
production of nitrite as a result of microbial deification. In all the planted systems algal
densities are kept to low levels in both nutrieegimes. Whereas in the unplanted FCW
systems, as the nitrate became reduced and nitaiseproduced the algal density began to

increase.

These results suggest that nitrite is far morelabka to algae than nitrate. This is supported
by early research undertaken by Grant & Turner 919¢ho analysed nitrogen uptake by six
species of green phytophagellate algae. Althoughd#ta supports a greater uptake of nitrite-
N, nitrate-N is also up taken directly by the algdewever in the FCW control systems no
significant increase of algae was found to devafofhe early stages when nitrate is being
reduced and nitrite is being produced. The ‘prefeaé uptake of nitrite as shown by Grant
and Turner (1969) could explain why a greater dgmdialgal bloom is observed in the FCW
control as compared to the standard control whetat@ remains high for 4 weeks.

Depletion only occurs when the algal bloom begmnstrease in density.

It is notable that in all treatments and both mutriregimes, nitrite and nitrate are removed
rapidly following secondary dosing at 03/08/2011wriDg this phase of the experiment plant,
algal and microbial biomass was visually observede greatly developed in all of the

systems.

3.4.4 Effects of Radial Oxygen Loss on Dissolved/@®n and Observed Effects upon DOC

Production

Wiessneret al (2006) discuss how arenchyma tissues can accounpfto 60% of the tissue
volume in wetland macrophytes. Degree of vascwtds has been proven to enhance the
capability of wetland plants to grow in anaerobid avaterlogged, (Jackson & Armstrong

1999). Wetland plants are able to withstand varyitegrees of saturations and anoxia
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dependant on the position along the aquatic t@séral continuum where they reside. And
the degree to which root tissues lose oxygen rgdiafough the root surface varies with
species. Although every effort was made during ¢xperiment to balance vegetation
biomass, differences in growth were observed oler dourse of the testing. This has
potential implications for root biomass, ROL, roetudate release and nutrient uptake.
However, differences in the parameters observedieaimatural systems allowing valid

conclusions to be drawn.

Hypertrophic water column DO showed statisticallgngicant differences between
treatments. From Post-Hoc analysis of homogenobissts the FCW control treatment was
found to have significantly lower DO values for tHaration of the experiment and the
standard control significantly higher in a sepamatb set. All the planted treatments showed
relatively similar water column DO concentratiomd)ilst greatest DO was observed in the
standard control. It is highly likely that this higpO value is generated due to photosynthetic
processes occurring within the bloom and as atre$uhacrophyte gas transport. However,
as discussed later, higher values of chlorophylleae observed in the FCW control that the
standard control or planted treatment, This raisesjuestion why are DO levels in the FCW
control are lower than that of the standard cofitrblvo hypotheses for this are suggested,;
shading of the water column due to the installabbrthe FCW system and secondly the
effect of media degradation and carbon use in cmtijon with the denitrification process
and the lack of DO transport into the rhizosphere.

Wetland soils are known for the anaerobic cond#itimey possess (Mitsch and Gosselink,
2000; Wiesner et al, 2006) and the reducing camatithat are induced due to waterlogging
of the rhizosphere (Vymazal, 2007). When analysirgpore water DO values, FCW control
was observed to be significantly lower due to ek lof radial oxygen loss. The inclusion of
macrophytes significantly increased the DO conegioins in the rhizosphere confirmed by

low concentration in the control.

3.4.5 Effect of Water Chemistry on Algal Bloom Diwns

In both trophic regimes chlorophyll density in thianted treatments was consistently lower
than that observed in either of the controls. Tloeeeplanted FCW systems are successful at
preventing the formation of ecologically harmfubgal blooms. With regard to statistical
analysis of bloom formation, under hypertrophic rimmt regimes bloom density
characteristics showed significant changes ovee.ti8imilarly high levels of significance

were observed between the treatment groups. Ratgal density increase observed were
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statistically classified into a homogenous sub Beim this it can be concluded that planting
FCW systems aids the primary goal of algal blooduction.

In the mesotrophic systems no statistically sigaifice was found over time when analysing
bloom density characteristics. Although the p-vales 0.054 indicating significance was
not found may the case statistically, however lgmal significance may still be drawn. This
is likely to be caused by tight grouping of theasttreatments and a modest increased algal
density observed in the FCW control only. Low caric&tions of Chlorophyll-a, could
signify that the blooms observed under mesotropégevpotentially limited by nutrients. The
nutrient concentrations observed in the hypertrophésocosms was great enough to create
significant increases in algal bloom forming potaintvhen planted mesocosm systems are

not present.

3.6. Conclusions

It was hypothesised that significant differenceshi@ nutrient sequestration rates of different
plant species would be observed. While the anab}sis focussed upon the FCW system as a
whole; including the effect of anti-algal phenoWitgfield et al. 1985; Welch et al.(1990;
Pillinger et al. 1994), phenolic breakdown by pHemadase (Pind et al. 1994; Freeman et al.
2001; Freeman et al. 2004) and the effect dissobxggen in the rhizosphere as a result of
macrophyte radial oxygen (Armstrong 1980; Brix 1938ckson & Armstrong 1999; Sorrell
et al. 2000; Wiessner & Kuschk 2006).

Previous mentioned research highlighted that oomyamatter may act as a substrate for
denitrifying bacteria (Wingfield et al. 1985) fromhich a labile carbon source could be
extracted and used in the denitrification processwrever, this experiment found that firstly
oxygen levels are lowered as a result of introdyicam organic substrate mixture and

secondly that only partial denitrification seem®taur.

The phenomenon of significant reductions in watdumn DO is one of the negative effects
that occur as a result of algal bloom senescefficarghnic phenol releasing substrates are
introduced into a eutrophic water body, resultsaskiwat partial denitrification from N9to
NO, would occur. As shown, this could result in ana=rhation of the problems caused by
algal blooms due to nitrite being more bioavailatdegreen algae, particularly the algae

which colonised the mesocosm systems Heffernans&efi(2012).

Secondly Pillinger et al. (1994) suggested thaypuoénols oxidised to monophenols may
have a greater anti-algal effect than larger phesmwitaining organics. Although this

phenomenon is well documented, in relation to itnvestigation it can only be considered as
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plausible. Freemast al (2004) describe how phenol oxidases are one ofelveenzymes
capable of breaking down phenolics in oxygenatedlitmns. Pind et al. (1994) studied the
relationship between oxygen saturation and phemadlage activity and found positive
correlations. Here there was a significant lackluénol oxidase within the rhizosphere of the
FCW systems as quantified by the L-DOPA method.sTlack of extracellular phenol
oxidase activity could have led to incomplete on+existent breakdown of the polyphenolics
clearly present in the water columns surrounding riizospheres of the FCWs. For this
reason, although there was significant enhanceofehte DO concentrations both within the
rhizosphere and the exterior water column by thdand macrophytes, it is likely this did

not enhance the production of oxidised polyphenatls anti-algal properties.

The addition of wetland macrophytes is a crucianponent of biochemical processing
within the FCWs; including pollutant and nutrierdtake, intake of suspended solid material
into root associated biofilms and oxygenation & thizosphere. Wetland macrophytes may
significantly modify the rhizosphere environmenthe extent that polyphenols may become
oxidised. However, it is postulated that in shertrt monitoring, the colonisation of phenol
oxidase producing microbes was insufficient in orfle the macrophytes to modify the
environment and promote successful breakdown byetieyme. Long term analysis may
provide insights into the significant colonisatioh microbes and subsequent oxidation to
anti-algal phenolics. Under the conditions prevaierthis experiment the primary method of
bloom prevention appears to be the removal of enttpollutant rather than the effect of anti-

algal phenolics.
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Chapter 4 - The use of constructed treatment

wetlands for addressing eutrophication of

oligotrophic rich-fens: case studies for Cors

Erddreiniog and Cors Bodeilio National Nature

Reserves, Anglesey, North-west Wales
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4.1 Introduction - The Use of Constructed Wetlafudd/Nater Quality Amelioration at Three

Locations

Rich-fen sites subject to restoration through theglasey & Llyn Fens LIFE project are
oligotrophic systems sensitive to nutrient enrichirfeom catchment activities. Constructed
wetlands have been found to provide an effectivamaef reducing nutrient concentrations
in water entering the sites via defined surfacehways such as streams and localised
seepages. A range of constructed wetlands have desegned to suit specific locations and
conditions. System design and installation wasrimémd by identifying nutrient species and
concentrations in water entering the fens, knowdedd target nutrient levels, and the
characteristics of the fen sites and their capatityreceive outflow from constructed
wetlands. Three systems are discussed and conadusagarding total pollutant removals are

drawn.

4.2 Introduction to The Fen Sites and Natura 200098rvation Project

Natural Resources Wales (NRW) is the statutory babponsible for the management of
two rich-fen Special Areas of Conservation (SAC) Amglesey and Llyn peninsula. The

scheme sets out to restore favourable managemétiiltdnectares of rare fen communities
reliant upon oligotrophic and primarily ground waitgouts. Mismanagement and neglect has
led to the degradation of fen habitat within thensmrvations sites. The NRW LIFE acts
under the umbrella of Natura 2000, which developetions needed to effectively target

restoration of the sites.

These targets aimed to minimise and prevent thectsffof neglect and mismanagement,
whilst also ameliorating wider problems such agieant enrichment directly affecting the
fens. Combined problems have resulted in the iovasif Graminoid and competitive
wetland species such dg/pha latifolia, which prevent the successful maintenance and
promotion of the rare indicator species of the eovettion sites such &hoenus nigrigans
The target communities on the sites are a key caemgoof NRW's sites status as SSSI, SAC
and RAMSAR sites. Intrinsic wetland management has been the sole driver for the
actions taken by the LIFE project, wider catchmesaties such as enrichment caused by an
array of diffuse and point source pollutants wasignificant contributor of the effects
observed. To this end, the set of actions grantedhb LIFE project were as follows;
mowing, controlled burning, grazing, hydrologicalonks, peat removal, science and

technical actions and constructed wetlands.
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The following paper discusses the background, mapmodelling, design, implementation
and monitoring of bespoke constructed wetland systeas part of hydrological works, in

order to alleviate enrichment pressures on the IdiEs of Anglesey.

Restoring alkaline and calcareous fens Yy
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Figure 4.1 —Locations where fen restoration is occuing throughout North Wales.

Constructed Wetlands discussed in this thesis refeR separate Anglesey fens, Cors

Bodeilio and Cors Erddreiniog (Blue.) Source Angleand Llyn fens Life project

4.3 Backaground of Water Quality Issues and Effec€Conservation Status

The Anglesey & Llyn Fens SACs have been designageduse they provide a western UK
stronghold for important examples of two oligotraphich-fen habitats listed under Annex |
of the Habitats Directive, namely ‘alkaline fen’ {B30) and ‘Calcareous fen withladium
mariscusand species of th€aricion davallianaé (H7210). Both of these habitats are
associated with groundwater-fed contexts rich iltcigen but oligotrophic in terms of the
availability of the key plant macronutrients N aRd(Wheeler et al. 2009). Recent work
undertaken to define threshold levels for N in gubwater feeding oligotrophic rich-fens
suggests that concentration should not exceed g/bmtrate-N (UKTAG 2012, Farr et al.
2013), with a more specific target of 2 mg/l nigdt proposed for the Anglesey & Llyn
SACs. Reducing N concentrations in groundwater hdisge may require a range of

management interventions and is needed both teeddiavourable condition for the rich-
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fens, but also to ensure good groundwater stataeruthe Water Framework Directive
(WFD).

4.4 Effect of Nutrient Pollutants on the ConsemwatiSite, the Need for Treatment and

Constructed Wetlands as a Solution

Nutrient pressures occur on the sites due to arlgisff intensive agriculture across Anglesey.
Many springs feeding the sites exhibit elevatedceatrations of nitrate which are suspected
to reflect continued agricultural pressure. Secgndue to the nature of the aquifers below
ground it is likely that the nitrogen legacy withiis large underground body of water, which
directly supplies the fens, will last for a sigondnt period of time. The nutrient pressures on
the fen result in enrichment of the site. Localigedirophication is observed in areas where
both Annex | features exist, to the extent that ¢baservation status of the sites is now

unfavourable.

Constructed wetlands were identified as a potesthltion for alleviating nutrient pressures
early in the project, particularly for locations vk water entry to the sites from runoff
and/or groundwater is focussed. Nutrient pollutgitsand P) were targeted for removal,
particularly in areas of the conservation sites nehmeat re-profiling works and hydrological

re-connection works were being planned.

The constructed wetlands offer an immediate satutothe problem of N and P enrichment,
although targeting the problem at source should & paramount. These small bespoke
systems are able to optimise and intensify mechaniby which the pollutants can be
removed from the water column. Planted treatmestesys in particular offer a suitable

microhabitat where biological processing of thdytahts can take place.

4.5 Design Tools Utilised for Constructed Wetlammdl$hg, System Selection and Layout

Although treatment wetlands are capable of sigarficpollutant removal, as the treatment
system design becomes more passive, area requirésniacreased. At all times during the
design of the systems no mechanistic control oewtdw would be available. Maintaining
completely passive system design influenced tha afethe CWs used increasing area
required significantly. Development of knowledgeotighout the project has led to the use of
a series of design tools for treatment wetland rhiode Modelling systems became
progressively more advanced, developing from nohand actual hydraulic retention time
(HRT) calculations though to advanced aerial caliboihs as outlined in Kadlec & Wallace
(2008). Specifically, the P-k-C* model was rearmashign order to provide a necessary

treatment wetland area.
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Here the P-k-C* equation allowed for the modifioatiwithin the model for system area,
water volume treated and pollutant removal achieVéith this tool the conservation aspect,
in terms of providing maximum areas for fen rediora could be achieved, balancing
conservation with CW treatment potential. Specificawater treatment capability and

conservation area for restoration could be balaetedtively.

This rearrangement of the P-k-C* equation allowadflexibility between treatment per unit
area and manipulation of CW area until treatmeguirements were met. The equations are
detailed in equation 4.2 and rearranged form equati3. The advanced modelling method
calculation controls for intrinsic system temperafthydraulic loading rate (HLR), pollutant
specific rates of biological degradation (k) anditaylic flow efficiency (P), desired outflow
concentration in relation to inflow pollutant lesednd system production of pollutants from
degrading biological material in the system (C*).

4.6 Hydraulic Calculations and Area QuantificatModelling

Hydraulic Retention Time (HRT) calculations are dthon simple models of treatment
wetland volume and effective treatment space omcesy of the system is accounted for.
This tool was used during the initial phases obtireent wetland design. Here a nominal
(theoretical calculated time) retention time of thBowing water was based on 48hours of

water-system contact time.

NHRT is a theoretical time which pollutant ladentevaspends in the treatment wetland
system. The calculation comprises system volumeravitlee theoretical or nominal time
within the system is deduced by factoring how langill take for the water in the system to
be replaced by the inflow water. This is based lom $ystem being fully mixed, hence
theoretical HRT where no short circuiting occuractérs that influence nHRT are primarily
area and depth, the final parameter is porosithefsystems) (Kadlec and Wallace, 2009).

This results in the following equation.

4.6.1 nHRT Calculation

Equation 4.1
NHRT = Vol e = L W De
Flow Rate (Q) '/ d

Equation 4.1 is the simplest form of the model &kiey concept that must be included even
when more complex models are used to form the pyirdasign parameters. Moreover, the

porosity of the system depends firstly upon theesysselection Horizontal Sub-Surface Flow
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(HSSF) where bed media of the system will accoonafpercentage of the system volume of
the system or Free Water Surface (FWS) where isettamounts of system volume is water
and a small percentage taken up by biomass. TypiE#S systems have a porosity value of

approximately 0.95 fractional volume when fillecthvivater (Kadlec and Wallace, 2008).

Developments in treatment wetland knowledge lethéouse of the P-k-C* model outlined
below (Kadlec & Wallace 2008)

4.6.2 P-k-C* Calculations

Equation 4.2 - P-k-C*

Co—C* = 1
C-C* 1 +k/ (P
Parameter Use in P-k-C*equation
P (pTIS) denotes hydraulic flow efficiency and mix(dimensionless)
K pollutant specific weathering rate standardisad20°C
C* system pollutant cycling and release (standariioncentration)
Q Assumed average Flow volume per day/diay)
Temp system temperature factor (°C)
Theta factor modifier of temperature effect awaynirk,, rate (dimensionless)
Kiemp Temperature adjusted removal rate
area Area ()
G Influent pollutant concentration (standardisedaamtration)
Co Effluent concentration achieved under the aboveampaters (standardised
concentration)

Figure 4.2 Explanation of parameters utilised in tke P-k-C*

The format used for analysis of treatment on arabether than volumatric basis with fixed
volume and inflow concentration allowed for mangtidn of area until a suitable outflow
concentration was achieved therefore maximisingcenfiar habitat creation and minimising

constructed wetland footprint. For this the P-k+@ddel was manipulated as follows-

4.6.3 Rearrangement of P-k-C* for Outlet Conceiimt

Equation 4.3

Co=Cr+ (G - CH)L+K (P
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Once a suitable CW area had been set as detertmnined UKTAG guidelines (Section 4.3)
the design process could be undertaken.

4.7 Constructed Wetland and Conservation Site Sp&tllutant Removal Processes

Although constructed wetlands have been used &@glral tool for removing a variety of
pollutants from the water column including calciyMayes et al. 2009a)and other heavy
metals (Ye et al. 2001), animal waste water (HurRd&ch 2001) and road runoff, including
petrochemicals (Shutes et al. 1999), the primany @i the NRW treatment wetlands is the
removal of nitrogen, phosphorus and DOC (due tosttes acting as a catchment for local
drinking water reservoirs, preventing chlorinati@sues at the treatment plant.), whilst
maintaining calcium. Phosphorus has found its wdg the water courses supplying the
conservation site, but this tends to be as a dmesailt of adjacent agriculture. These point
sources of phosphorus, in the form of phosphates; aventually be targeted by CWs.
However, currently addressing the problem at souscef primary concern. Nitrogen
enrichment is more prevalent in the water suppitethe fen. This, as mentioned, is due to
the connectivity of the underground aquifers of kesgy. Beamish & Farr (2013)describe the
connectivity of the sites due to a carboniferoasebtone aquifer. The water falling on the
adjacent land supplies the aquifer with water wisdfaces as springs supplying the fen.
This is the source of the calcium rich water. Hogrewhen intensive agriculture and
fertiliser application are undertaken on the langtimof the nutrient content seeps down into
the aquifer (Farr et al. 2013). This manifestdfitge enrichment in the site.

CWs are a means by which optimisation and inteseifhn of biological transformations of
nitrogen and phosphorus containing compounds caacheved, thereby removing them
from the water column. Each biological breakdowrreanoval process is pollutant specific.
Therefore the system must be designed in orderptimse conditions for biological
transformations. Primary pollutants targeted ingiigtems described in this work are nitrate,

ammonium, nitrite and phosphate.

4.7.1 Nitrate Removal in Constructed Wetlands

Nitrate is the dominant form of nitrogen based yalht in the spring waters supplying the
conservation site(Gilman & Newson 1982; Farr et2813). In order to assess the way in
which to maximise nitrate removal the nitrogen eyeiust be considered. Shapleigh (2013)
discusses the nitrogen cycle and suggests thatvednaod nitrate can be undertaken by
microbial dentitrification. System design mustleet the conditions required for efficient
pollutant removal, the system specifics which dftbe processes involved are described in
Chapter 1.
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4.7.2 Potential for Ammonium Nitrification

A number of water input locations around the covetson sites are thought to contain
ammonium and are affecting the localised area suiglying. It is discussed in Chapter 1
that ammonium nitrification is primarily an aerobprocess biologically controlled and

undertaken by microbes. In order to achieve higlggeration rates, FWS wetlands or
vertical flow (VF) pulse flow wetlands where thessym is allowed to become saturated with
air between pulses tend to be utilised. These systaay be employed in order to deal with
ammonium in the water supplying the fens. Howewemplexity and lack of passive design
in the latter system may add increased need fonter@nce and monitoring, and also

increased system set up costs.

4.7.3 Phosphorus Removal

Phosphorus removal processes are discussed ingcHapgtiowever, inclusion of additional

parameters in the P-k-C* equation can accountHerldss of phosphorus from the system.
The component which accounts for loss is the CAitkt in equation 2 and 3. The C* is used
as a modifier to the inflow and outflow concenwas to model area required for successful

pollutant removal.

4.8 Water Flow Volume Calculation and Estimation

In CW systems installed in more natural situatidve tprimary driver for flow rate
consideration is linked directly to precipitationdathe associated catchment lag time before
arriving at the influent of the CW system. Grountlkvded springs are typically more stable
than surface waters, however conventionally, treatrwetlands are designed to a reasonably
stable or predictable volume flowing into the syste The Anglesey Fens treatment wetlands
influent points have had flow monitoring in place many of the springs feeding the fens.
This was the basis for the hydraulic element ofesysdesign, where most inflows indicated a
flow rate which only fluctuated heavily in stornoW or summer drought events. The systems
were designed around average flow rate which meshiction in treatment potential would
be observed during the higher flow periods. Thissvgaen to be the case when water

chemistry data ware analysed.

4.9 System specific Plant Selection and Unitisatibhocally Abundant Species

Vascular wetland macrophytes were selected on #stshbof submergence capability in
relation to system water level design. This is jariihy determined by the presence of

arenchyma tissues in the plant. However, the pgintause for plant selection was based
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around site availability. Harvesting from withiretlsite was undertaken due to the potential
risk of introduction other species not currentlyiveato the sites.

Plant harvesting from within the site was used revent the possible introduction of non-
native species. This may have occurred if seedlivags been introduced to the site. Plant
harvesting varied in success due to the localidadt @vailability. Access for harvesting

machinery, harvesting and wetland location distararcasionally led to limited planting of

the system. All methods of harvesting and plantiesulted in successful development of
biomass stand within the treatment system. Speused includedlris pseudacorus,

Phragmites australiandTypha latifolia.

4.10 System Specific Design, Operation and Momp(R012-13)

4.10.1 Cors Bodeilio NNR, Site Parameters and DeSionsiderations

Previous water quality analysis identified a numbgtocations of nutrient enrichment on
Cors Bodeilio. Also influx of competitive wetlandaerophytes was observed at many points

where ground and surface water irrigate the fen.

Two primary locations for CWs and a third locatiwhich would be granted based on the
success of the two primaries were required. In libéhlocations nutrient pressures were
significant yet not acute. Moreover, each of th#ois identified were targeted to their
location in relation to agricultural runoff. Speacdlly, both inflows could potentially see
concentrated spikes of nutrient pollutant enrichirdring phases of agricultural fertilizer
application. Thus installed systems would help éutigainst peaks whilst reducing lesser
nutrient pressure throughout the year. The streamerge as diffuse field runoff is collected
into a ditch and piped onto the site. CWs wereas#id within the site boundary where flows

enter the site.

4.10.1.1 Bodeilio FWS Constructed Wetland Flows Botutant Loading

The FWS system was identified to ameliorate ancafitiral drain with an average peak flow

of 0.5L/s resulting in a total Q of 43.2%ay. Sampling of the systems inflow continued
throughout the lifetime of the project to monitarriehment effects. Water quality sampling

was undertaken on a monthly basis.

Parameters were measured in the field and in l&ryrasituations. Field measurements
undertaken included Dissolved oxygen (DO), pH, tieal Conductivity (EC) and

temperature. Laboratory analysis comprised primaofl lon chromatography from which
nutrient pollutants could be quantified, UV-Vis &rs#s using spectrophotometry, Dissolved

organic carbon (DOC) and phenolic constituent.
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4.10.1.2 System Modelling - Bodeilio FWS HRT

A FWS system utilised attached microbial biofiln@domising the roots, rhizomes and stems

of the plants in the system for degradation of iratrpollutants (see figure 1.2 Chapter 1).
These types of constructed wetland typically exhibater depths of 0.15-0.50m and are
planted with species that can tolerate waterloggedditions due to the presence of
arenchyma tissues enabling oxygen transfer intordloés. Submerged aquatic vegetation
(SAV) may also be utilised for biofilm colonisatiomhese systems differ from Horizontal

Sub Surface Flow (HSSF) systems (explained latégreva porous media is relied upon as
an attachment surface for the microbial communities

The FWS system at Bodeilio was the first systenbéoimplemented. Nominal HRT was
calculated for the system. Based on a Q of 43.BIRThwas set at 24hours. This flow rate

would encompass the majority of peak flow evenisrag from agricultural runoft.

The system was scaled to a volume of 50 (fOm x 10m)therefore a 6.8fbuffering
capacity capable of dealing with higher flow ratess achieved. Secondly unplanted inlet
and outlet zones were used to minimise short ¢ingui

Due to timescale and system installation, systeea aralculations were retrospectively
undertaken to confirm system pollutant removal (Big0)

4.10.2 Bodeilio FWS System

Figure 4.3 - The Bodeilio FWS system.

The image shows the system after one growing se&wagmites australisvas harvested
from site and used in the treatment wetland system
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4.10.2.1 Bodeilio CP Nitrabar/ HSSF Hybrid System

The second inflow point to the site at Cors Bodeilias identified and a HSSF system was

selected. This design utilised a gravel media i@ ¢olonisation of microbial biofiims in
order to achieve successful pollutant degradati@son with EA Wales led to the inclusion
and hybridisation of the NitraBAR system (NITRABARELD REPORT 2009) into the
design of the CW used, the prototype system deweédldpy the EA aimed to aid nitrate

reduction.

This modification to conventional HSSF design re=ilin the addition of an organic carbon
media of wood chips which acted as a carbon sourcerder to promote microbial
dentitrification.lIris pseudacorusourced from the site was used to plant the sydigrto its
specific water logging tolerance. Limestone gr&@KM0mm in diameter was used to cap the
wood chip media. This was undertaken to allow fibwough the wood chips as indicated in
figure 1.1 chapter 1.

4.10.2.2 HSSF System Scaling and Design

NHRT modelling used a 24 hour retention time usingrage flow volumes (Q) of 0.5L/s or

46.2 ni/day although seasonal variation occurs. The avedable comprised 170m(as
measures using GPS) of space which comprised epeesssion formed in the site naturally
holding water prior to intervention. The system v@&sm in depth and comprised a gravel
and woodchip matrix for biofilm colonisation. Totaystem volume was calculated to be
85nT and a treatment volume of 42.%mue to 0.5 estimated porosity value. nHRT
calculations indicated a retention time of justem24hours. This was deemed suitable due to
the low concentrations of pollutants. Hybridisatould produce an anaerobic and carbon
rich environment for optimal denitrification. Idécdl water quality parameters were

measured in both systems to assess implicatiotsmsydesign selection.
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4.10.2.3 Bodeilio HSSF

Figure 4.4 - Bodeilio HSSF system NitraBAR hybrid fanted with Iris pseudacorus.

Two inflows from agricultural runoff (Red, arrow migtes location of secondary inflow, out
of shot) were piped into a distribution channel l[3&). Following system installation, water
level in the receiving fen was increased by mednslitch blocking. This resulted in a
proportion of the CW becoming flooded.

4.10.3 Cae Gwyn FWS system Located at Cors Erddrein

The Flagship project of the Anglesey LIFE Fens grbjvas a peat land restoration project at
Cae Gwyn, a section of land at Cors ErddreiniogISB8s project comprised hydrological
reconnection works, peat reprofiling, installatioh water distribution system, drawdown
prevention mechanisms and constructed wetlandsré€fig.5 and 4.6) to alleviate enrichment
pressure on the reprofiled bare peat.

The calcareous water issuing from the springs Wakte the restoration of calcareous fen on
Cae Gwyn. Whilst water issuing from the springsaium rich, it also contains significant
concentrations of nitrogen. The nitrogen here mdybit the re-colonisation oShoenus
nigricansdominated fen community M13 vegetation commuriigximum recorded nitrate
in the spring water reached 22.34mg/L whilst 12084 of essential ionic calcium was
recorded. The task was to reduce nitrate levelthénspring water significantly using a
constructed wetland; however the area constramthe system were significant due to the
localised presence of marl substrate, prime canditior M13 colonisation.

The Cae Gwyn system was designed around a FWSc&r680 nf, the system has an
average depth of 0.3m resulting in a 194system once vegetation colonisation is taken into
account (0.95 porosity). The system is also desigmeund a 2L/8ow rate resulting in a 54
hour theoretical retention time.
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Enriched spring water was treated by the CW in ostéficiently oligotrophic. This was to
prevent the colonisation of competitive graminoigedes which do not represent the
vegetation of the SSSI. Here, modifications of tifeatment wetland system, as scaled using
P-k-C* equation, allowed for partial treatment betenriched water whilst maintaining a

sufficient area for colonisation of M13 habitat.

Parameters used in the P-k-C* model were as follows

Parameter Value
pTIS 5

K 35

C* 3

Q 172.8
Temp 10
Theta factor 1.05
Kiemp 21.48
area 680
(07 24

G 5.80

Figure 4.5 - parameters for P-k-C* model at Cae Gwy.

Figure 4.6 — View from the inlet zone during constuction phase with civil engineering contractors atCae Gwyn FWS

CW.

Following excavation additional soil was added e base of the system to act as rooting
media. This was undertaken due to the presencempacted lay in the base of the system.
Although this is an excellent material for retamirwater and preventing hydraulic

drawdown, it is not suitable for macrophyte colatisn.
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Figure 4.7 — Completed system at Cae Gwyn.

Limited planting was undertaken;

colonisation.

much of the grovabhieved was due to natural
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4.11 Constructed Wetland Water Quality Mitigatioasilts April 2012 to April 2013

4.11.1Cors Bodeilio FWS Nitrate Observations
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Figure 4.8 — Bodeilio FWS nitrate concentration ovetime.

BWI and BWO denote Inflow and outflow respectiveythough the surface water inflow at
Bodeilio FWS does not indicate excessive nitrateceatrations compared to Cae Gwyn, the
CW was successful at reducing nitrate concentratitor the duration of monitoring.
Maximum percentage removal was observed in Julyrevtgb% nitrate reduction was

achieved. No error bars were added to the graphadsiegle monthly samples from the CW.
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4.11.2 Bodeilio FWS Nitrite Observations
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Figure 4.9 - Bodeilio FWS nitrite over time.

The Graph shows the nitrite concentration of thigown and outflow of the constructed

wetland. The CW was observed to be a source afendn a single occasion in November.

88



4.11.3Phosphorus Removal Bodeilio FWS

Bodeilio FWS - Phosphate
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Figure 4.10 - Bodeilio FWS Phosphate over time.

The graph shows the phosphate concentration irinfleev and outflow of the CW. Four
separate phosphate events are observed on theisgudalys. Phosphate is noticeably low
concentration at all times, however the treatmgatesn was capable of removing 100% of
the phosphate from the outflow, with the excepwbrAugust when only 30% removal was
achieved.
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4.11.4 System Maintenance of Alkalinity and Calcium
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Figure 4.11 - Bodeilio FWS calcium over time.

Calcium concentration is of primary concern onltfeeconservation sites as it is a driver for

the presence of M13 and alkaline fen vegetationnsomties. Influent and effluent calcium

concentrations are markedly similar. Continual tihation

concentration. However, in the final month of samgplcalcium release from the system is

significantly higher than the influent concentratiabserved.

is observed

in calcium
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4.12 Pollutant removal HSSF NitraBar Hybrid

4.12.1 Nitrate
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Figure 4.12 — Bodeilio HSSF nitrate over time.

CPI and CPO indicate the mean inflow nitrate cotregion from the two inflows and

outflow nitrate concentration respectively. Theutesindicate a sporadic influx and range of

nitrate concentrations from the highest observetceotration of14.31mg/L nitrate to the

lowest observed concentration of 0.721 mg/L. Agam system design achieved maximum

removal of 99% in July of the first year of systeperation.
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Figure 4.13 - Bodeilio HSSF nitrite over time.

The Graph shows nitrite concentration in the inflamd outflow of the system. From August
to November the HSSF system at Bodeilio is actim@g aource of nitrite. Although nitrate
reduction is continually occurring as shown in figd.12, nitrite is not being completely lost
from the system. Very low levels of nitrite are @t in the inflow throughout the year.
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Figure 4.14 - Bodeilio HSSF Ammonium over time.

The graph shows the presence of dissolved ammoinitine inflow and outflow of the HSSF
system. On multiple occasions the primary inflowP(D) of the HSSF system indicated
ammonium presence. Sustained detection of ammoisiwhserved in the secondary inflow
to the system (CPI2). Ammonium was removed from waer column throughout the
monitoring of the system; however the largest pafak 056 mg/L observed in the secondary

inflow in August resulted in detection in the oatfl.

93



0.45

0.4

0.35

0.3

0.25 -

0.2 — CPI1

L\ —o
\ |

\

|

0.1 \
0.05

Phosphate mg/L

Figure 4.15 - Bodeilio HSSF Phosphate over time.

The graph shows that during the initial phasessits¢em acted as a source of phosphate. The
system was a source of P from installation untiy.Jdery low concentrations of phosphate
are observed in both of the inflows to the systemning) this period. Following initial
stabilisation, the system offers some bufferingobmsphate peak phosphate inputs of 0.4
mg/L Phosphate during August and lower input cotre¢ions in September. No phosphate

was detected at all during the following month.
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Figure 4.16 - Bodeilio HSSF Calcium over time.

The Graph shows that the installation of a consddievetland does not significantly affect
the concentration of calcium in the outflow fromethystem. From installation to August,
calcium is being released from the system; whilstirdy September to completion of

monitoring calcium is being contained within thet®yn indicated by lower concentration.
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4.13 Cae Gwyn

4.13.1 Pollutant Removal — Cae Gwyn FWS
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Figure 4.17 - Cae Gwyn Nitrate over time.

The graph indicates the nitrate reduction the sysiehieved in the initial stabilisation year.

Reduced nitrate reduction is observed January t@iahilst increased removal of nitrogen

is observed for the rest of the year. Outflow wsialgished on system completion in July.

Inflow concentrations are averaged from 3 contrmiigutflows where error bars represent

standard error of the mean.
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Figure 4.18 - Cae Gwyn Nitrite over time.

Analysis of dissolved nitrite indicates eventsaised nitrite in the inflow. As in the Bodeilio
systems, nitrite peaks occur in August and in Jgn@@ver the course of the analysis 4 peaks
of nitrite were detected whilst 2 peaks of nitntere detected in the outflow. Error bars

represent standard error.

97



Cae Gwyn FWS - Calcium
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Figure 4.19 - Cae Gwyn Calcium over time.

The graph shows dissolved calcium ions within tifeow and outflow of the FWS system,;
here reductions in calcium are more notable thavipus systems. Marked reductions in

calcium are observed in August and November.

4.14 Bodeilio FWS Discussion

Despite the use of basic retention time scalingawerage 34% of nitrate was removed. The
mean removal percentage value is low; however C&d aras significantly restrained by the
presence of good quality NVC wet fen meadow adjatethe system, limiting CW size. A

NHRT of 24 hours was utilised in the design mingdighe effect on localised vegetation
stands. This system has proved that although ftrihte removal was not achieved, water

guality improvements are pronounced and significant

Over 12 months of observed system operation, ordgnall number oPhragmitesreached
good level of growth (Figure 4.3). In FWS systerayelopment of plant shoots, stems and
rhizomes are fundamental to biofilm colonisableaattis suggested that in following years,
when density is increased, wetted plant surfacen avél rapidly increase resulting in
increased biofilm colonisation and potential defiifation within the anaerobic zones of the
biofilms.
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Nitrite was also observed to enter the CW (figur@).41t is proposed that, due to a
considerable distance that the water supplying féme at this location travels from the
enriched agricultural land to the CW, some deimitition has already been achieved and/or it
formed a constituent of the fertilisers appliedthe agricultural land. Nitrite, as described
earlier, is a natural breakdown product in theogén cycle. The CW can be seen to be
reducing nitrite concentrations on passing throube system, further reducing the

enrichment effect.

Phosphate, although reasonably low in concentrafioh mg/L maximum concentration
observed), was largely removed. As highlightediearthe primary mechanisms involved in
removing dissolved phosphorus from the water coluan® achieved by precipitation of
phosphorus (Kadlec & Wallace 2008; Vymazal 2007)mecsms that cause sedimentation.
Primary mechanisms include binding of phosphorugh véediments in order to cause
flocculation within the system. Precipitation asRCa is also a possibility considering small

observed reduction in dissolved ionic calcium (Bid.1)

Crucially, calcium was not significantly affectegl passage through the CW system. This is
of great benefit to the receiving conservation siere calcium is an important
macronutrient to the plants that designate theerwasion site as an SAC.

Parameter Value
pTIS 3

K 35

Cc* 0.5

Q 43.2
Temp 10
theta 1.05
Kiemp 21.48
area 80

Ci 4.5
Co 1.16

Figure 4.20 - Parameters used for retrospective aallation of the P-k-C* model for the Bodeilio FWS gstem.

The values calculated for outflow concentrationndfate are similar to the concentrations

observed in the treatment wetland system.
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4.15 Bodeilio HSSF Discussion

Figure 4.12 Bodeilio HSSF system indicates sigaiftty higher nitrate concentrations than
the previous system and greater removal is alséewa®th. However, fluctuating inflow

provides concentrations provide an insight intoagien transformations in the catchment.

Reduced nitrate removal was observed from Decenefebruary where temperature
dependant rate of biological degradation (k) is pmmised. Similarly, increased winter
rainfall may have reduced retention times due ¢toeiased flow. The inflow Q was estimated
to infease by ~150% during storm events, signitigameducing retention time and
negatively effecting pollutant removal. However f@rature may have also had an effect on

any denitrification occurring in the system.
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Figure 4.21 - Correlation between percentage removaf nitrate and temperature.

A degree of correlation between temperature andodiin removed exists (R=0.1934).
Temperatures accessed Accuweather (02/05/2014)

This positive relationship of rate of nitrate rerabwith increasing temperature related to the
Theta factor of 1.05. This value indicated to wiegjree the rate of break down (k) is linked
to temperature. A Theta value of 1.0 suggests fextedf temperature whilst the value of
1.05 indicated positive temperature dependenceléiéatl Wallace 2008). Nitrite production
is observed to occur during periods of increaséatei in the influent, specifically August to
November. This suggests during periods of excessivate influx, complete breakdown of
nitrate to gaseous forms of nitrogen is limitedrioa availability, anaerobic conditions do
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not seem to be limiting the rate of breakdown.dastit is proposed that flow through the
system is no longer entirely subsurface (Figurg.4t4an be seen that the system shows a
significant area of FWS at the terminal (Left) esfdhe CW. This is likely to have occurred
due to the compression of the wood chip based nasbarce media of the NitraBar hybrid
system. Once FWS establishes in the HSSF systedradiic resistance is substantially
reduced. This manifests itself in water flowingaingh the area of least resistance in the
system, the surface water, rather than through GM¢ matrix, reducing contact with

microbial denitrifiers.

Ammonium is suitably buffered and while the systemas primarily designed with

denitrification of nitrite in mind nitrification oammonium is probable. This precursor to
nitrate in the nitrogen cycle may provide an exptam to nitrite production and the reduced
removal of N as gaseous substances. The increasiia production coincides with periods
of ammonium influx. It is proposed that when regdasng the cycle as described by
Shapleigh (2013) the system provides insufficiegtemtion time for adequate pollutant
breakdown of the ammonium constituent of the totibgen before denitrification can take
place. When additional ammonium enters the systénmfigation steps must first occur. This

means incomplete breakdown for a percentage afitrete produced by system nitrification.

Phosphorus was only observed in significant comaganhs during a single sampling visit in
the inflows of the HSSF system. Early sampling ¢ated that the system was acting as a
source of phosphate for the initial 3 months ofrapen. This is likely to be due to the
addition of the wood chip media and breakdown sire labile compounds resulting in a
pulse of phosphorus being lost. However, positegults can still be observed in relation to
phosphorus. No P was detected in the outflow ofsgfstem for the remaining months. This,
in combination with no inflow phosphate confirme thystem ceased to act as a source for

phosphorus, secondly buffering capacity is dematedrin August.

Calcium concentrations indicated that system aam@ source of dissolved calcium for the
primary part of system stabilisation whilst in tlager part small reductions in calcium were
observed. This may be due to the addition of listmedia releasing calcium in the early
stages and potential formation of carbonates assaltr of anaerobic conditions in the
treatment bed in the latter stages. It can alsoldserved that during the initial growth phase
of the plants during the summer months calciurse bwer in concentration, possibly due

to the demand as a macronutrient in the tissudsed€W macrophytes.
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4.16 Cae Gwyn Discussion

At the FWS system installed at Cae Gwyn, the bienséand took longer to naturally develop
due to low density planting of the system. Similarthe two previous systems, reduced
nitrate removal was observed during January tolAphie system utilises three large streams
that issue from 3 separate groundwater fed sprewgslied by a reasonably large catchment.
This effect results in high inflow observations idgr winter storm events, this factor
combined with low temperatures affect the rateafupant degradation significantly, as well

as decreasing nominal retention time.

No ammonium or phosphate was detected in any ahflfwv or outflow samples taken from
the system. This is supported by the ground wagpeddant nature of the springs supplying
the fen and CW.

It is to be noted that the nitrate concentratiothiwithe spring water being treated by the CW
is far more stable than that observed in the ajui@l runoff systems seen on Bodeilio SAC.
These results are also lower than expected whemaang them to initial monitoring data
where concentrations of nitrate exceeded 24 mghitiél monitoring period — data not
shown). It is proposed that some of the nitratbeimg transformed or taken up as it passes
over an area of fen above the CW in the catchmidra.3 contributing springs flow across a
length of fen ranging from approximately 40-80m wveh&ransformations of nitrate may be
occurring. This manifests itself as reduced conme¢inns of nitrate observed at the inflow
confluence to the CW. This process could be comttrhy taking samples along a transect
along the flow path of the spring water, from tlenftuence zone to the individual spring
heads.

Calcium flowing into the Cae Gwyn CW fluctuates rsfigantly, whilst the outflow
concentrations of calcium are observed to be mtagles Similarly to phosphorus binding
with sediment, calcium is also able to bind witllisgents to form calcitic muds or marl.
Potentially higher periods of flow and suspendeadiment could contribute to the reductions
in calcium observed in the system. Secondly, tbedlproduced by the spring above the CW
in the catchment were too large to pass totallpugh the CW. Lowest concentrations
observed in the outflow of the CW were 50 mg/L, atitiough this is a significant reduction,
the water bypassed the system may still hold safftccalcium for the development of M13
communities and alkaline fen. Although this hasliogions for enrichment associated with
the “un-treated” water, significant reductions itrate were seen in a large percentage of the
spring water flowing through the system. Similatg vegetation in the CW will represent a
significant calcium demand during plant growth gsasf the CW, potentially quantifiable

by tissue calcium measurements
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One of the additional suggestions for the redustion calcium observed is linked to the
colonisation of the CW by a calcareous fen indicapecieChara variegataThis species of
stonewort relies heavily on calcium rich waters ABedomes covered with and contains large
amounts of calcium carbonate (CEH 20@2)variegatawas found in dense mats all through
the constructed wetland. This species may be radplerfor the large reductions in calcium
observed. However, this may be of benefit to théutamt reduction capabilities of the
system by producing large amounts of wetted plamtase area for the colonisation of
microbial biofilms, which play an important role FBMvetlands. Indeed, Kadlec and Wallace
(2009) mention that many large wetland systemshe WSA rely entirely on submerged

aguatic vegetation. The presence of a continualhdefpwater which is unshaded may help

maintain this species within the treatment systeh associated biofilm colonisation (CEH
2004)

Figure 4.22 and 4.23 Chara variegata, sourced directly from the inflow of the FWS systm.

4.17 Conclusions and Total Removal

Using mean inflow volume of 2 L/s for each CW, tteculated mean nitrogen compound
removal for each CW based on inflow outflow dataeraged for the duration of the
monitoring period, totalled for all 3 of the CWsstalled it can be concluded that more than
243 kg of elemental nitrogen has been removed filoenwater column in 14 months of
system operation. When putting this into the contéxhe agricultural enrichment pressures
in the catchment, this is equivalent to 1200 kguwk fertiliser (although nitrogen contents of

fertilisers vary widely by manufacturer).

If the treatment wetland systems had not been im@fted by the Natural Resources Wales
EU LIFE Fens project this nitrogen would have foutsdway directly into the conservation
site, severely affecting the biology of the fenseedfment wetlands have in the past proven to
be a suitable tool for pollutant degradation. Heresn where available space is at a premium
on the conservation sites, it has been shown thatavements in water quality can be
achieved.
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Although highly technical and engineered systems ba used for industrial pollutant
removal applications where processes are significantensified, passive natural looking
systems are highly desirable in a conservatiomngetiloreover, the systems discussed here
have proved to be capable of performing the LIFBjgmt targets for water quality
amelioration. In scenarios such as these, totdltaolt removal, are not likely to be achieved
due the pressure for space. Intensifying biologtoetment may have been a method by
which increased treatment could be observed, hawsystems such as this are more costly
in terms of set up and maintenance costs. The ygassid inexpensive systems on the
Anglesey conservation sites have fulfilled theirgmse despite not achieving complete

pollutant removal.
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Chapter 5 - Investigation into Constructed

Wetlands for Water Quality Remediation into

Calcium and pH Sensitive Fen Sites — Preliminary
Feasibility Study
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5.1 Introduction - Calcium Mobility and Depend&dnservation Communities

Constructed wetlands (CWs) have been used as eeffestive, passive and semi natural
method by which water quality can be improved onipalated. As discussed in Chapter 4,
the Anglesey and Llyn Fens LIFE project run by Netural resources wales (NRW) is one
such example where this technology has been shovee advantageous. The LIFE project
set out to restore 751 hectares of wetlands te@ufable or recovering state after a period of
mismanagement and neglect. There is a great paltéotithese sites to fully recover, many

of which have already been classed as SAC’s or.SSSI

NRW’s conservation strategy is linked to the catggaf wetland habitat in question and
environmental pressures upon it. One of the ranmest sub-communities found on the LIFE
sites is M13 Mire. The LIFE sites are unique beeaogth alkaline fen and calcareous fen
habitats (listed under Annex | of the EU Habitatsl &pecies Directive) occur together. This
location is the sub community’s western UK strorigh@his community is described by the
Elkington et al. (2001) in the National vegetatmassification; M13 dominated by Shoenus
nigricans, the black bog rush. This community osconly on peat or mineral rich,
specifically calcium, soils. For this communitydocur, irrigation by calcareous base rich
water with an oligotrophic nutrient content is estal. Water flow-type also seems to be
highly important as communities are most reguladynd where shallow, sheet flow or
flushing is present. This may occur at a springsionilar issue, seepage faces or flush lines.
Water rich in calcium also flows from many of theisgs on the sites; this is due to the
presence of limestone within the aquifers supplytimg spring heads. Calcium becomes
dissolved within the water due to chemical weatigeof limestone within the underground
aquifers. Other topogenous areas may be suitalbtajiging close contact with water high in

lime based substratés.

These communities thrive in oligotrophic nutriennditions; therefore problems occur when
nutrient pollutants increase. Many of the aquifem@jngs and streams supplying the fens are
highly concentrated with nutrient pollutants such ratrate, which cause eutrophication
within the fens. Currently, one of the main pressuseing exerted upon the LIFE sites is the
addition of nutrient pollutants such as nitroged phosphorus, arriving into the wetlands via
a large number of issue points, including springdse streams and field drains. Pollutants
arrive in the watershed from many different sourpamarily caused by heavily fertilised
agricultural land. This is of great concern wheynig to improve and conserve the habitats
and vegetation exhibited in the conservation sitbeh rely on oligotrophic irrigation. The
observed addition of nutrient pollutants to the ssamation sites has driven the invasion of

competitive species such d@hragmites australisand Cladium jamaicenseand Typha
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latifolia, which are species that possess high biomass acatiomutesulting in soil building
in the system.

CWs have the potential to alleviate some of thesgree placed on these communities. It is
essential that as the nutrient enriched water pabseugh the CW and nutrient pollutants are
removed from the water column, this is a primanyction in conventional CWs. Excessively
high levels of nitrogen are removed via denitrifica, following nitrification where

necessary. This can also be achieved by soil Imgildaused by the slow decomposition of

organic matter or sedimentation.

However, part of the requirement for calcium by miee communities which will receive the
treated water necessitates that calcium must remasolution (Elkington et al. 2001). It is
desirable that the build-up of calcium within th&/Gs minimised due to its demand by the
M13 communities. As yet it is unknown if M13 willedelop when conditions are
oligotrophic and calcareous, or whether the comigusimost reliant upon calcareous water
alone. It is reasonable to deduce that if nutriemés not minimised M13 will be unable to

colonise due to the rapid invasion of more competigraminoid species.

This is the crucial difference between this piederesearch and that which has been
undertaken previously. Much similar research haanhendertaken involving water quality
improvement in relation to calcium content in agawf different research settings, but more
often calcium is addressed as the pollutant. Famgte the work of Mayes et al (2009),
where extreme concentrations of calcium were olesktgaching from lime rich industrial
spoil heaps. This was undertaken in order to agbhesability of CWs to neutralise high
alkalinity, generated by the weathering of limeeThtionale for reducing strong alkalinity is
due to the direct toxicity caused by heavily alkaliaters. Alkalinity values in excess of pH
9 have been shown to be toxic to higher aquatinda@Mayes et al. 2009a). Wetlands soils
were selected as a suitable method to remove oalchis is due to the high concentration of
CO, observed in the wetland environment, enablingptteeipitation of calcium as calcium
carbonate. High respiration rates of heterotrophicrobial communities are responsible for
the production of anaerobic GQich wetland environment (Mitsch & Gosselink 2000)
Precipitation of the calcium with GOsuccessfully leads to the lowering of pH in the

outflows and receiving waters.

Using knowledge gained in the Ca removal studyesgstmodifications to CW design may
be introduced in order to preserve calcium in sotutPrecipitation of calcium highlighted in
Mayes et al (2009), relies upon its combinatiorhvilO, arising from microbial respiration.

If CWs are designed to minimise microbial respoatand therefore COproduction, this
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may result in the reduction of calcium precipitatwithin the treatment wetland, allowing it
to remain available to calcium dependant plantiggsec

Biogeochemical cycling of calcium tends to beconmmphant when a lack of iron is
observed, resulting in calcium carbonate formafikadlec & Wallace 2008). This process
has occurred over time at a number of the LIFESsitdhere calcium carbonate deposits have
become combined with sediments to form calcitic snod marl. Observations of oxidised

Iron have been recorded on parts of the site buinnocations where Marl is present.

In most instances, calcium is considered to be @amutrient to most plant species, whilst
exhibiting marked seasonal fluctiations in avaligpand spatial dynamics (Wetzel 2001). It
is generally recognised that around 0.77% of drygiteof wetland plants is made up of
calcium (Mitsch & Gosselink 2000) where the maipagtories for such accumulated ions is
the central vacuole and cell membranes (Wetzel R@dnerally in treatment wetlands little
change is observed in calcium content from inflonotitflow. However marked changes in
biogeochemical cycling of calcium can occur whemirs observed to be lacking (Kadlec &
Wallace 2008).

There are a number of studies that have been wakéertin order to understand the
preservation of calcium in solution; however thbsge not been undertaken in the field of
biogeochemistry. One such example arises in thi/siaaf mineral uptake in the field of
nutrition, where inositol phosphate breakdown coumuts were found to increase the
solubility of calcium via chelation (Shen et al.989. Here the study concluded that once the
phosphorylation of phytate occurred, its solubilitgreased. This allowed for the increase in
binding strength to G4 in turn allowing greater absorption from the maaliem digestive
tract. Inositol is a low molecular weight carborséa molecule dominated by a cyclic carbon
structure. This compound was found to have an greduility to promote calcium uptake into

the blood by chelating calcium.

Secondly, the research concluded that, of a numiberms of inositol phosphate, molecules
containing fewer phosphate functional groups wdse & increase calcium uptake more
readily. Less phosphorylation was required to ops@Esolubilisation of the calcium. This

could mean that LMW cyclic hydrocarbons, especidiigse that are unsaturated, may be

able to chelate calcium and prevent precipitation.

CWs are known for their ability to act as sinks ftoeavy metal pollutants (Mitsch &
Gosselink 2000). And indeed, many wetland plaresade to take up heavy metal pollutants
into their tissues (Weis & Weis 2004). Numerousnams have been explored for the use of

CWs for iron removal from acid mine drainage whigs@ main contaminants are sulphur and
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Iron Il (Johnson & Hallberg 2005). However one maitar piece of research may provide a
method by which calcium could be maintained in 8oty as opposed to the research carried
out by Mayes et al (2009), where calcium was canrsid the pollutant and precipitation with
CO, was required. White et al (2011) based their mebean the ability of wetland plants to
aid the oxidation of iron Il to iron Ill. Plant pressing and biomass metal accumulation was
guestioned due to the small percentage of metdrynbiomass. White et al (2011) found
other locations where iron in solution actuallyresed on passing through the wetland.

White et al (2011) discuss how DOC availabilitydsato the increase in solubility and
availability of metals. The study concluded thatdas iron could remain in its reduced form
in the presence of DOC. In particular a fractionD@dC known as phenolics, which are of
low molecular weight, inhibited the oxidation ofrfeus iron. Iron was shown to form
complexes or chelate with this fraction of the D@@&intaining its solubility.

Ferrous iron arising from the drainage of disusddenshafts has an ionic value of 2+,
identical to that of calcium. It is proposed tha®© or a molecular weight fraction thereof,
may also allow for calcium chelation or complexni@tion in order to maintain solubility a

prevent precipitation with CQwithin the treatment wetland.

From the above evidence it can be hypothesised DIXC may allow for chelation or
complex formation with ionic calcium. This hypotieemay be expanded upon; in that there
will be an optimum molecular weight range that @KBocalcium chelation. Inhibition of
microbial respiration may reduce the possibilitycalcium carbonate formation within the
CW allowing the calcium to successfully pass thtotige CW in solution. This allows for

uptake or precipitation within the calcareous alkdlane fen conservation sites.

This research will not only provide an insight irdalcium mobility, behaviour and fate, but
also elucidate the appropriate DOC releasing oogamterial to be used in CWs, where

maintenance of calcium is essential.

5.2 Preliminary Investigation into Calcium Assomat with DOC of Varying Molecular

Weights

In order to begin to understand best practice lierinstallation of CWs on the LIFE sites,
used for the maintenance of calcium, the possthdftaffecting the calcium concentrations
by manipulating DOC must first be examined. Thisswhe purpose of the preliminary

investigation detailed here.

109



5.2.1 Rationale for Methods Utilised in MultipleaSt Analysis

There were a number of stages required to undelis@rcalcium chelation with DOC. The
first of which was to investigate if there is indeany chelation or association with DOC
released from some form of natural substrate thelates with calcium. Preliminary findings
may influence the system set up of the mesocosrarement. The final stage of the research
involved mesocosm CW design in order to ensureiwalsolubility through the course of
the systems detailed in chapter 6. Results maybleeta inform design for field scale best

management practice on the LIFE sites.

According to the literature, calcium chelation sldoaccur in calcium laden water samples
that have DOC added to them, whilst no chelatioexpected to be observed where de-

ionised water was added as a control.

From previous research it could be predicted tHaCDeached fronCalluna vulgariswould
provide DOC at a number of different molecular virtigroups. Initially the organic source
wasCallunadue to the relevant successful release of DOC tlosnmaterial in the previous
experiment relevant to Floating Constructed Wettafi®eCW) in Chapters 2 and 3. The FCW
chapter analysis concluded the release of phenaiosng others, were dominant fractions
of the DOC released.

The organic material was collected and placed atmontainer of water to allow DOC to
leach out; this liquor was then filtered throught8um filters. Calcium chelation was
assumed by increased total Calcium concentratisncasted with the specific MW DOC.

This association was achieved by using 3500 Daltwe size dialysis tubing, into which the
DOC solution was added. Only DOC with molecular gini greater than 3500Da was
retained in the tubing. The experiment was desidaedlow calcium to freely diffuse across
the membrane reaching equilibrium inside and oatsite dialysis tube. Where chelation
occurs, it is expected that the concentration gradwill be altered allowing more ionic

calcium to equilibrate across the membrane intadibbysis tube, resulting in increased total

calcium, whilst ionic calcium will be balanced.

Total calcium was measured by flame photometryelantrical or high temperature method
whereby light emission at 422.4nm from the burnleenaical to be analysed determines the

concentration (Barnes et al. 1945).

Once DOC-calcium chelation had been proven, the @€ analysed using Size Exclusion
Chromatography. This was done in order to assesasifin Whiteet al (2011), there is
stronger chelation with a specific molecular weiginige. However, this is discussed in the
following Chapter (Chapter 6).
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5.3 Methods

5.3.1Calcium Solution

A stock solution of 40 g/L Calcium Chloride was paeed and added to ultrapure water in
order to achieve a working solution of 100mg/L @ This solution was added to the test

container at a later stage.

5.3.2 DOC Stock Solution for StageCallunaOnly

A stock solution of DOC was created by leachinguBla carbon from approx. 2509 of
Calluna vulgarismaterial into 700ml of ultrapure grade water. Tpieduced a solution of
358mg/L* using a 0.45 pm membrane filter and DOC of 351Mgttter filtration through
0.2 micrometres. No sparging of DIC was undertakgmrganic carbon was assumed to be

sufficiently dominant. The pH of this stock was.5.5

The DOC solution was diluted to 40m/ffor testing to mimic field concentrations of DOC

measured at a NitraBar system on Cors Bodeilio,|ds®&y.

5.3.3 Stage 1 Experimental Setup

60ml of 100mg/L* calcium chloride was added to a sealable contalng.which a section
of 3500 Molecular Weight Cut-Off (MWCO) or Dalto4.) dialysis tubing filled with 20
ml of DOC stock solution was added. Calcium shqads freely across the dialysis tubing
membrane whereas the DOC solution was retainednatitie tubing. Therefore any net gain

in total calcium should be due to DOC-calcium chefa rather than diffusion.

Samples were taken from within the dialysis tubamgl from the test container. Comparisons

in total calcium allowed analysis of chelation legkthe DOC solution

Five replicates for DOC chelation and 5 controllicgtes using ultrapure deionised water
were used. The containers were left in a tempexatontrol room at 10 degrees to mimic

field temperature.
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Twenty five millilitre samples were taken immedigtafter addition, 24 and 48hours after
addition. 48 hours was the maximum time period; Was to replicate parameters observed at
current NitraBar systems at Bodeilio SAC (Chapler 4

5.3.4 Stage 2 Calcium Release from Associated DOC

The MWCO of the dialysis membrane is 3500 Da, tioeeeit is possible that DOC of this
molecular weight or smaller may reach equilibriuetvieen the solution inside the tubing
and the external solution. The second stage oftélsé involved taking the bag from
experiment 1 containing DOC >3500Da and placingti ultra-pure water container. This
process was used in order to assess the asso@atiatcium with any <3500 Da DOC that

remained in the tubing at stage 1.

If association with the lower MW rage is consistaacium will be observed to pass through
the membrane with the associated lower MW fractibthe DOC retained in the tubing from

experiment 1.

5.3.5 Stage 3 Calcium Association with DOC Mixture

In order to further confirm any association betw&C and calcium, an increased range of
MW DOC fractions was created by the combinatio®@C from various organic substrates.
The initial experiment was repeated utilising ahddir experiment period. This was achieved
by leaching DOC into ultra-pure water using orgabarley straw, peat based compost,
heather (as used in stages 1 and 2) and Coir, erialadlerived from coconut fibre, in the

same method as described in section 5.3.1.3.
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5.4 Analytical Methods

5.4.1Total Calcium Analysis

Total calcium was measured using an atomic emisBgne photometer. Standards were
created using Calcium Chloride consisting of 0,40,60 80 and 100mg/L of Ca.

5.4.2 Analysis of DOC Molecular Weight

Molecular weight range was analysed using a Polyraboratories high performance liquid
chromatograph set up for size exclusion chromapgrdHPLC SEC). Samples are carried
by a mobile phase of a phosphate mobile phase.o®ing into contact with the solid phase
of the column low molecular weight (LMW) moleculbecome more strongly bound to the
solid phase of the column than higher moleculaghie{(HMW) fractions. Therefore HMW
fractions are observed earlier than LMW fractiohswvide range of standards are used to act
as retention time standards, 150K, 77K, 32K, 13BK4and vitamin B12 as 1.356K Daltons

This process will provide evidence to support eaftichelation with specific molecular
weight ranges. Response is represented as miflivaitd is proportional to amount of
molecules of a particular weight, whilst time inmaies is proportional to weight.

5.4.3 Statistical Analysis

ANOVA analysis was used to determine any statificgignificant difference in the data

observed. Following the method stated in Chapter 2.
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5.5 Results

5.5.1 Stage 1 Results
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Figure 5.1- Total calcium for both DOC treatment (BLe internal and Red external) and the control (Gres) dialysing

experiments. INT refers to total calcium within thedialysis tubing whilst EXT refers to the solution wthin the test

container. 24 and 48 refer to the time period in hars between treatment or control solution addition.

Both of the controls for both of the time periodsowed no violation of having equal
No significant difference lies betwedme tINT or EXT total calcium

variances.

concentrations at the p<0.05 level of significaneewever, significant differences were

detected at both time periods for the DOC testtgwia. Lower Calcium concentrations were

observed inside the dialysis tubing, indicatingréased association with the lower MW

constituent located externally of the tubing. Tladcium has ‘actively’ moved across the

membrane in association with < 3500Da DOC.

5.5.2 Stage 2
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Figure 5.2 - Total calcium re-release test.

114



Dialysis tubing removed from the stage 1 and reglacto ultrapure water. Calcium
concentrations observed in the control indicateilamvalues whilst greater calcium is
detected outside of the dialysis tubing (EXT Refél)significant difference in calcium
concentration was observed between internal aretreadtcalcium concentration in the DOC

treatment, whilst no significance was found in ¢batrol

5.5.3 Stage 3 - Combination of Mixed DOC SourcesuRs
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Figure 5.3 — Calcium association with DOC of diffeng MW'’s utilising DOC from multiple organic sources over 48

hours.

The graph indicates greater calcium concentratsso@ated with Lower MW DOC (EXT
Red) than high MW DOC retained in the dialysis fghiControl samples indicate a greater
concentration of calcium inside the dialysis tulb@wever this was not shown to be
significant. Calcium concentrations show a simisults compared to the results from Stage
1 and 2. Increased calcium is associated with DG&08Da in the DOC treatment and was

shown to be significant.
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Figure 5.4 - HPLC analysis of each separate sourced released from respective organic material.
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The DOC analysed The Chromatograph demonstratesliieesity of molecular weights
present in each type of DOC produced. Also an itsgygiven into relative concentration of
each molecular weight fraction of the DOC as intdidaby the strength of the response in

millivolts.
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Figure 5.5 - Internal and external dialysis membrae DOC molecular weight.

The graph represents the DOC molecular weight spdotlowing dialysis. The Red line
indicates the MW spectra of the DOC within the yB& tubing <3500Da at 7.5 minutes
whereas the GREEN line represents the DOC outditleecdialysis tubing. In this instance
no DOC is observed before approximately 7mins 30Beese data confirm the separation of
the HMW DOC, confining it to the dialysis tubing.
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Figure 5.6 — Phenolic-calcium relationship.

Calcium is observed in greater concentrations wk&®00Da DOC exists. The effect is
especially pronounced when plotted against phenobtiacentration. Concentration of

phenolics was statistically significantly lowertXT 24 samples.
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5.6 Discussion

In all 3 levels of experiments calcium was foundagsociate, chelate or bind with DOC of
LMW (<3500MWCO). It is proposed that the lower nmléar weight DOC possesses more
potential sites for chelation or binding (Weishagal. 2003).

Secondly, it was expected that the presence ofgdiesnvould act as a means of chelation.
This idea was explored by Whigt al (2011) where Fé was found to chelate with phenolics
in an acid mine drainage wetland. It is reason&blsuggest that Gamay bind in a similar
way. However this does not immediately seem tcheectise if we consider figure 5.6 where
lower phenolics were associated with greater calotwncentrations. However, taking SEC
peak height as a proxy for total DOC observed ety and externally with respect to the
dialysis tubing (Fig 5.5), it can be seen that thal DOC within the dialysis tube is of
greater concentration than that of the external D&@ples. Given that phenolics are a
constituent of DOC is the potential for phenoliading cannot be excluded due to the
presence of these compounds on both sides of tmebraee. Similarly in Peacock et al.
(2013) the phenolic fraction of DOC is discussdue tauthors infer a positive linear
relationship between DOC and phenolics. If thiapplied to the experiment in this chapter,

reduced phenolics and increased calcium could lzetafact of reduced DOC concentration.

Clearly there is an increased potential for chefatof calcium to LMW DOC due to
associated concentrations observed. But from tliweghit can be proposed that phenolic
content may provide an explanation for calcium atieh potential, but molecular weight

may be more influential.

5.7 Conclusion

In short this experiment found the following

1. LMW DOC indicated increased calcium associatioglalation potential.
2. Phenolic binding as discussed in White, FreemaKa&g, (2011) cannot be excluded

at this stage and will require further mesocosrdistito confirm

This chapter has acted as justification to furtbetailed investigation into the effect of
phenolic content and molecular weight spectra oltiwwa mobility. This chapter has
provided validation to theories and hypotheses ldgeel from the literature. It can be
concluded that experimentation using mesocosmsyevnd®©C MW and phenolic content
express different concentrations as a result otesysdesign, will be used to further
understand calcium mobility within the CW envirommeThe investigation at mesocosm

scale following the results presented in this chapill form the basis for including primary
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CW functions of water quality improvement with foet investigation into mobility and fate
of calcium, especially when applied to manageménte Anglesey and Llyn LIFE Fens

project
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Chapter 6 - Investigation onto the Effects of

Various Types of Constructed Treatment Wetlands

on Mobility and Fate of Calcium in the System
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6.0 Introduction - Scope for Calcium Solubility M&nance

Following experiments at bench scale (Chapter t5yyas concluded that calcium became
associated with or chelated to low molecular welD&C, typically of <3500mwco, and low
phenolic content. Therefore manipulation of DO@ @henolics may affect Calcium in the
in the Constructed Wetlands (CW) environment angasentially a viable method for
preventing calcium precipitation. But this is negde be combined with the CW principle
target of enrichment alleviation with calcium contation maintenance as set out by the

Llyn and Anglesey fens LIFE project.

6.1 Molecular Weight and Phenolic Content

Based on prior bench scale DOC MW observations els ag increased calcium solubility
associated with in LMW DOC compounds in the fiefdhatrition by Shen et al., (1998), it
was hypothesised that CWs exhibiting lower MW rangé DOC may show increased
calcium chelation and therefore mobility. Bindirg tMW DOC was proposed to prevent

complexation with carbonate and hence prevent jpitation.

Further testing of calcium precipitation inhibititiy the presence of phenolics is required to
determine whether the findings of White, Freemarkaag, (2011) where E&precipitation
was inhibited hold true with & Although findings from Chapter 5 indicated ancasation

of calcium with low phenolics, this was attributedthe phenolic group’s constituent of the
DOC pool on either side of the dialysis membraneat&r concentrations of phenolics were
linked to DOC of greater molecular weight; howevbis was attributed to total DOC

concentration observed.

6.1.1 Achieving Differing DOC Molecular Weights @onstructed Wetland Mesocosms

Methods for achieving DOC MW manipulation withiret€W environment was proposed by
CW design, associated mesocosm nitrogen processegyltant DOC demand and
breakdown. CWs where denitrification is requiredieally exhibit anaerobic conditions and
a labile carbon source (Mitsch & Gosselink 2000¢dk€a & Wallace 2008). By utilising both
Free Water Surface (FWS) and Horizontal Subsurfdo® (HSSF) design varying rates of
denitrification and carbon breakdown were expedigelto oxygen conditions in the systems.
Increased denitrification, utilization and subsequereakdown of carbon during microbial
respiration in HSSF were therefore expected toltresulower MW DOC. Whilst lower
carbon utilisation and breakdown was expected mRWS systems and therefore reduced
LMW DOC availability.
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6.1.2 Achieving Phenolic Concentrations Range insboicted Wetland Mesocosms

Research into phenolic production in wetland systenay elucidate a mechanism for the
mobility of calcium, developing on the observati@fsF&* mobility with phenolics (White

et al. 2011). Evidence suggests that phenolic obmteroot exudates and root tissues varies
between species (figure 6.1) and has been suggéstestcur as a result of adaptive

processes. For example macrophyte root phenolidugtmn, emerging as root exudate as a
defence mechanism against compounds harmful toaphagte growth such as xenobiotics

and other compounds which occur in the rhizospflearie et al. 2010).

Spring
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mi edq. gal. ac.

Minture - Mixture - Typha Iris FPhragmites Typha
Phragmites

OWater DDiluted sludge WSlydge

Figure 6.1 — Variation in phenolics produced by weéand species.

The graph above shows significantly higher phesaliclris as compared with other species.
The figure above focusses on the significant irsgeia phenolic material observed in the

roots and root exudates of the spedisspsuedacorus.

The findings of Larue et al., (2010) indicate vaaa in phenolic concentrations, as observed
in chapter 3, figures 3.8 and 3.9. Despite thatetigeriments of Larue et al., (2010) and the
results of chapter 3 indicate variation in absokdkies for total phenol production, as well
as species identified as possessing most prolifenpl production, phenol varied
significantly between tested species in both expenis. Therefore further species specific
analysis was undertaken to assess potential plpeodlction in a mesocosm scenario. Two
species were selected in order to produce diffe@mnolic concentrations within the
rhizosphere, expected to influence calcium mobility
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6.1.3 Total CW DOC, Phenolics and the Effect on $&owation Sites

Application of the calcium mobility findings in thichapter may affect the design and plant
species selected in future systems installed orNfR#/ conservation sites. The CWs must
reduce nitrogen, phosphorus and DOC, whilst maiimgicalcium. Due to these stipulations
it was important to find a suitable type of DOC amdghenolics that were highly efficient at

maintaining calcium mobility whilst minimising DO@puts.

6.2 Hypotheses for the Promotion of Calcium Mopiby Varying Phenolics and DOC MW

1. LMW DOC provides greater calcium chelation cap#pilpreventing precipitation
and maintaining mobility

2. Wetland macrophytes produce different concentratminphenolics as root exudates,
which have the potential to chelate calcium, préwngnprecipitation and maintaining
mobility

3. It may be that wetland macrophytes may have difteemands for calcium for

incorporation into tissues and biomass and thegefalcium uptake and removal.

Final application of CW design utilised on the NR¥hservation sites will be the choice of

the NRW team and be based on calcium deliverydcite versus total DOC inputs.

6.3 Methods

6.3.1 Plant Species and System Design Selection

As in the study by Larue et al., (2010 psuedacorusvas used as a known producer of
phenolic substances within the roots and rhizomRsagmites australisvas selected due to
the popularity of its use in various types of tneant wetland across the globe. Both plants

species are readily available for use and harvgétom the field sites on Anglesey.

In order to produce variable rates of denitrifioatand subsequent carbon source breakdown
in relation to the degree of oxygen depletion, freter surface (FWS) and subsurface flow
(SSF) treatment systems were installed. Saturg&dsgstems are used in the final stages of
constructed wetland systems in order to compleatefittal step of denitrification (Kadlec &

Wallace 2008), as increased denitrification is @gbd in anaerobic conditions.

6.3.2 Water Inflow Chemistry and Control

Small linear wetlands were created using 7 litratamers into which a daily volume of 1
litre acted as pulse fed inflow. Clean, non-limestonaturally rounded gravel was used as
SSF media, the presence of which reduces the anajuditect atmospheric diffusion of
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oxygen into the water column. However, when calmdghydraulic retention time (HRT) for

each of the systems the retention time will be @tially decreased due to the reduction in
available water volume in the subsurface flow syst&his void space was calculated to be
63% of the total 7 litres in the linear test conéas and was to be accounted for when

comparing the treatments calcium budget and mgpds well as nitrogen removal rates.

In order to replicate exact field water chemistmater was extracted directly from a ground
water fed spring on Anglesey and transported toldberatory. The site in question was
Waun Eurad SSSI, here water is known to be of l@gkcium concentration and highly
charged with Nitrate, and occasionally phosphatdci@m becomes dissolved in the ground
water arising from a spring from a large aquifenmmg though carboniferous limestone

before emerging at the surface.

Treatments applied were as follows:

Plant species Phragmites | Phragmites Iris

australis australis psuedacorus
System type SSF FWS FWS
Hypothesis No. explored 1 land?2 2

Figure 6.2 — table of treatment types applied andlpnt species used. Five replicates of each treatntelype were set

up resulting in a total of 15 linear mesocosm treabent wetlands.

|‘ Treatment combinations

ﬁfree ‘Water Surtace - Iris r.seuda-:c-rus] ﬁf._m surface Flow - Phragmites a\.-:tra!is]

[| Plant species dependent phenal production ﬂ'--w type dependant carbon nmf-'ﬁ‘ii’-g}

Figure 6.3 —method by which the FWSPhragmites australis treatment is utilised for both system type carbon

processing analysis and species phenolic productiamalysis.
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6.3.3 Water Distribution System and Randomised ddefir Lighting and Temperature

The laboratory experiment utilised site water fiexhf a tanked reservoir via an electric water
pump into a temperature controlled growth chamimeten a 12:12 hour photoperiod. Water
was evenly distributed onto each wetland mesocosmédnans of taps along the length of an
irrigation pipe. This way control was gained in araflow supply between each of the

mesocosm systems.

wetland macrophytes

Water flow control

Water level contral ‘\»

Cutflow

]

i i e /

Free Water surface wetland

Subsurface fiow wetland

Figure 6.4 —Wetland Mesocosm set up.

The diagram indicates water level control. The mesms were designed with inflows
allowing water onto the surface at the inlet zond autflows that release water from the
deepest part of the treatment system. This setngpres that water does not simply flow
across the surface of the wetland and is forceiateyact with the rhizosphere or standing

biomass, meaning water pollutants flow throughrtiierobial biofilms allowing remediation.
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Figure 6.5 — Images of Mesocosms.

Clockwise from top left; water level control andgae collection systenRPhragmitesSSF,
Iris FWS andPhragmitesFWS

6.3.4 Water Sampling

Samples were collected weekly from the outflow IbfoA the mesocosms during the timed
pulse of water inflow. Samples were collected wedhkr a period of 6 weeks. Electrical
conductivity (EC) and pH were measured for all §5tems before filtration. Inflow water
chemistry analysis was undertaken on the resetaoik containing site water within the

growth chamber.

6.4 Water Chemistry

6.4.1pH and Electrical Conductivity (EC) Measureisen

pH was analysed using a laboratory standard prallerated to pH 7 and 4. The pH probe

used corrected for any temperature fluctuations.

The EC was measured immediately after pH analysiisgua laboratory standard EC probe

calibrated to 1314 m Sieverts.

6.4.2 Sample Preparation

All samples taken including inflow water samplesrevéiltered through Whatman 0.4

syringe filters and stored at 3@ until required for analysis.
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6.4.3 DOC Quantification and Analysis

DOC was measured using an Analytical Sciences TdlesniTOC/TN analyser. In order to
measure DOC the samples were acidified to betwekeh gnd 3 and sparged with oxygen for
2 minutes in order to remove inorganic carbon campg. The instrument was calibrated
using standards of known concentration (0, 5, H), 2D, 30 and 40 mg L-1potassium

hydrogen phthalate was used as the standard compoun

Machine replicates using the Thermalox are unnacgstue to multiple sample injections
during analysis. For this analysis the multipleatjon number was 5 injections.

6.4.4 Phenolic Compound Quantification

Phenolic concentrations were determined using aodeadapted from Box (1983). 250ul of
sample was added to a clear micro plate well. 1Pd Folin-Ciocalteau reagent was added
followed by 37.5ul of N&;COs; (200 g/L). Samples were spun in a centrifuge &01@m for

1 minute. After 1.5 hours the absorbance was medsatr 750nm on a Molecular Devices
M2e Spectramax plate-reader. Phenolic concentsatioere then derived from the

preparation of a standard curve using tannic aleahpl standards of known concentration (O,
1,2,4,6,8, 10, 15, 20 mg/L).

6.4.5 Dissolved lon Chromatography

A suite of ions were analysed using ion chromatolgyeby means of a 850 Professional IC
and 858 auto-sampler, Thermo Fisher AS14A anioaronland Metrohm C4 cation column.
A range of standards were used separately for angonl cations using Fluka Multi-ion
standard including Sodium, Ammonium, Potassium, ci@al, Magnesium, Fluoride,
Chloride, Nitrite, Bromide, Nitrate, Phosphate &hdphate .

6.4.6 Total Calcium Analysis, Flame Photometry Sadhple Specific Calibration Curves

Total calcium analysis was undertaken using flabn@@metry atomic emission spectroscopy
at 422.4 nm. Calibration curves were generated fmomnge of standards and blanks (0, 20,
40, 60, 80, 100, 150 and 200 mg/L). Standards wpeepared using calcium chloride

dissolved into ultrapure water. From the calibnataurve total calcium concentration in the

samples were back calculated.

A number of elements can interfere during the mgrof the sample in the atomic emission
spectrophotometer (AES) causing shifts in the dizsare values due to changes in the colour
of the flame emitted (Willard et al. 1988). Follawjitrials for correlation with a number of

suspected elements that could cause interferenoettzod by which total calcium could be
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correctly calculated was applied. The method usad adapted from Harvey (2012) where
addition of known concentrations of calcium wereledl sequentially to volumes of the

sample in order to generate sample specific caidrzurves.

Matrix correction by standard addition allowed the correction of pre-calibrated samples.
Each sample was combined and spiked to increasgaihcalcium by 50, 100 and 150 mg/L.
From the expected versus observed concentratv@hses generated by standard additions
created a sample specific calibration, which alldwermulae to be derived in order to
correct the original sample concentration. The fdec alteration to the original
concentrations were as though an x=y increase avhs bbserved as expected with a linear

set of standards added.

6.4.7 UV-Vis Analysis Indicating, DOC Compositiomférences

Three analyses of DOC composition were used: SU¥Adiacussed in chapter 2. Plus
additional aromaticity and humic content analysiglertaken by absorbance ratios at set
wavelengths. Aromaticity is estimated by Absorbaat&50nm divided by absorbance at
365nm (E2:E3), whilst humic content is estimated dlsorbance at 465nm divided by
absorbance at 665nm (E4:EB6).

6.4.8 Organic Compound Molecular Weight (HPLC SEC)

MW range was analysed using high performance ligthdomatograph size exclusion
chromatography. Samples are carried by a mobilsgl& a phosphate based solution. On
coming into contact with the solid phase of theuowh low molecular weight (LMW)
molecules become more strongly bound to the solidsp of the column than higher
molecular weight (HMW) fractions, therefore compdardetected at later retention times

equate to LMW compounds.

A wide range of standards are used to act as retetiine standards, 150K, 77K, 32K, 13K,
4.3K and vitamin B12 as 1.356K Daltons

The results generated following peak detection pcedhree values;

1. Mp-Peak molecular weight

2. Mn-Molecular weight value at which equal numbernodlecules are present above
and below the Mn value

3. Mw-Similar to Mn however, the value at which equahss is observed above and

below the value

127



Here the main important biologically active carba@ompounds are generally of
MW<1000Da. Calibration allowed identification ofetmetention time where DOC with MW
<1000Da was released from the solid phase of therooand detected in the chromatograph.
The area under the curve following the retentiometiassociated with LMW DOC was used

to calculate percentage LMW DOC of the samples.

6.5 Results

6.5.1 pH
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Figure 6.6 — Calcium Mesocosm pH.

The graph indicates pH over the course of the &weaperiment. In both of the planted FWS
treatments pH become more alkaline than inflowiragew for the duration of the experiment
although in week 5 no increase in alkalinity waseawed. The SSF system showed more
acidic outflow conditions following passage throue system. SPANOVA on the above
data indicates a significant difference in the pHtlee treatments over time (p<0.005).
Analysis of Between-Subjects effects indicates tiha response between treatments are
different (p<0.001)
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6.5.2 EC
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Figure 6.7 — Calcium mesocosm EC.

The graph indicates EC over the course of the &kvea@eriment. Although all treatments
initially show lower EC values than the inflow, nbvious difference between treatment and
inflow EC was observed for the remainder of theegxpent. SPANOVA analysis of the EC
data showed a significant difference over time (p8@). Between subjects analysis showed
there to be no significance in the relationshipsveen the treatments over time (p<0.055).

6.5.3 Dissolved Oxygen

Dissolved oxygen mg/L
D

Phragmites Iris Subsurface

Figure 6.8 — Calcium mesocosm DO.

The graph shows mean DO for the experiment. The syStem shows 75% lower dissolved
oxygen as compared with the two FWS planted systéh86) increased DO is observed in
thePhragmitessystem as compared to ths system.
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6.5.4 Nutrient Pollutant Compounds lon Chromatolyap

6.5.4.1 Nitrate
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Figure 6.9 — Calcium mesocosm nitrate removal.

The graph indicates a near total removal of nitfaten the outflowing water samples
confirming primary wetland function for pollutanemoval. The treatments showed a
significant difference in nitrate over time (p<O1Q0AIll 3 treatments indicated values for
nitrate that approach zero at week 2 onwards. Téev&n-groups SPANOVA indicates
significance between the treatment types is dedegt€0.005). The standard error for all of
the planted treatments was shown to be small.

6.5.4.2 Nitrite
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Figure 6.10 — Calcium mesocosm nitrite removal.

130



Nitrite data indicates a less tightly grouped pattéhan nitrate in the previous figure.
SPANOVA analysis, suggests significance over tipe0(002). No significant difference
exists between the treatments. However, Nitriteceatrations exhibited in the treatment
mesocosms are generally very low. This low conegioin can result in an increased

potential for error.

6.5.5 DOC
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Figure 6.11 — Calcium mesocosm DOC.

DOC was observed to be greater in the outflow sampi all treatment$hragmitesFWS
showed the highest level of DOC at all sample tinoesaverage 164.4% greater than inflow
across the treatments. These data indicate DO@svavith treatment type. A significant
difference in the treatments over time was obse(p&.005); therefore DOC changed from

week 1 to week 6. Between groups analysis alseateld a significant result (p<0.003).
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6.5.6 DOC Character and Composition

6.5.6.1 MW Spectra

MW Spectra weekl
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Figure 6.12 — Calcium mesocosm SEC for DOC.

Analysis at week 1 indicates the different MW pntigs of the DOC compounds being
produced within the treatment mesocosms. Respan¥e— y-axis) is an indication of the
concentration of each molecular weight compoundsipgsthrough the column. Whilst
retention time (minutes — x-axis) indicates dedrepsnolecular weight with time. These

peaks are indicative of the concentrations obseirvéite samples analysed for DOC.
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Figure 6.13 — Calcium mesocosm, total produced LMW OC.

The graph describes the LMW concentration of theCD&3 milligrams per litre of sample
error bars are not included due to the values bealgulated from existing figures. There

appears to be little difference between the comagoh of LWM DOC between the
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inflowing water and that of the SSF system. Sinylalris appears to be grouped with the
two aforementioned treatments up until week 4, reimg@ marginally above for the
preceding weeksPhragmitesremains as a separate treatment for the duratfothe
experiment, exhibiting an increased concentratimaughout, typically around 0.1-0.2 mg/L

above the other treatments.

6.5.6.2 Phenolics
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Figure 6.14 — Calcium mesocosm phenolic production.

Phenolics are continually highest in tRBragmitessamples. Inflow is characterised by the
absence of any phenolic containing compounds. Athe phenolic material must therefore
be produced by the system. The data replicatesetagonship observed in figure 6.11. No
significant difference is observed in the treatrsemier time (p<0.15). The between groups

analysis indicates significance (p<0.001).
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6.5.6.3 UV-Vis Analysis
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Figure 6.15 — Characterisation of the aromatic, huniec and specific ultraviolet absorbance properties fothe DOC

Aromatic content was found to be greatest in thesstface flow systems. Aromaticity was
increased in all the planted treatments as comparéoe inflowing water chemistry. Initial
inspection groups the FWS planted systems togedicbieving similar levels or aromaticity.
The SSF system indicated an average increase masity of 16% over the two FWS

systems.

Humic content of the treatments are all increased gesult of passage through the treatment
wetland mesocosms. Here little difference appeeatsiden the treatments but the control

inflow is markedly less humic in character.

Little difference in SUVA is detected between dilkttreatments and the inflowing water

chemistry of the control.
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6.5.7 Calcium Mobility

6.5.7.1lonic calcium
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Figure 6.16 — Calcium mesocosm ionic calcium.

All samples taken from the inflow possess ionicciceth concentrations in excess of
118mg/L. For the duration of the experiment litie treatment has the least effect upon ionic
calcium dissolved in the water column as comparéith Wwoth the Phragmites planted
systems. Calcium is consistently reduced in the §&fem remaining between 84 and 95
mg/L. Initial reductions in ionic calcium are obged in both FWS systems during the initial
2 weeks of the experiment. Differences are deteayeHPANOVA analysis in the treatments
over time (p<0.009). Although overlap exists betwélge planted mesocosm system ionic
calcium values, significant differences are stiserved between groups (p<0.002).
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6.5.7.2 Total Calcium
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Figure 6.17- Atomic Emission Spectrophotometry Totatalcium.

It was observed that total calcium was analysetetdess concentrated than ionic calcium
under all treatments. Due to interference at tenaation phase of AES, low total calcium
values were observed; matrix correction was apphiecexplained in the methods section
(6.4.6) shown in figure 6.18.
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Figure 6.18 — Mean Total Calcium, Post Matrix Corretion.

Calcium mesocosm ionic and total calcium valuesrayed for each treatment for the
duration of the experiment following matrix additgof known standards.
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6.5.7.3 Total Calcium — Matrix Adjusted
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Figure 6.19 - Post matrix correction total calcium.

The Graph indicates corrected values for total icalcas observed in the treatment
mesocosms. All of the treatments reduce the coratéart of total calcium dissolved within
the outflow of the mesocosms in comparison to tiflow values. No clear relationships
between treatment type and total calcium value wegparent. However, SPANOVA
analysis indicated differences are detected owee tand between treatments (p<0.001 and
p<0.001 given respectively). Selection of a sugabhe period under which to undertake an
ANOVA could result in a skewing of the homogenoushSets. For example in week 2 a
homogenous sub-set analysis may group the dataRkthgmitesas an outlier during that
time period, whilst during weeks 3 through to 6e tbontrol would act as a singular
homogenous sub-set accounting for the significafferdnce observed in the between
treatments analysis of the SPANOVA.

6.5.8 Total Chelation
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Figure 6.20 - Mesocosm calcium modification.

The graph indicates total and ionic calcium forteatthe treatments and indicates the inflow
values before passage through the mesocosm systemsdata shows that more calcium was
removed from the systems containPlgragmitesthaniris; this is the case for both Total and
ionic in thePhragmitesFWS and ionic calcium in the SSF system. Totatiaal for Iris and

the subsurface flow systems are relatively sinfiawvever the ionic values in the SSF system
are significantly lower. Statistical analysis wast performed on this data set because the
between treatments analysis of the SPANOVA alremdycated significant differences
(Figure 6.19) Considering total calcium minus tbeic calcium gives an insight into the
bound calcium in the outflow water, knowledge candained into the fate and mobility of

calcium in the system in relation to treatment g/pe

6.5.9 Increased Ca present
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Figure 6.21 — lonic calcium as a percentage of thetal calcium in the system.

In the PhragmitesFWS system ionic calcium constitutes the largestgntage of the three
planted treatments, whereas the SSF system plamtbdPhragmitesshows the lowest
concentration of post mesocosm ionic calcium, aigodifferences between treatments are

all very small.

6.6 Discussion

6.6.1 Water Chemistry Parameters

The pH of the water is acidified to a small degresulting from passage through the SSF
system. Significance was also detected betweendaddble treatments and is likely to lie with

138



the SSF system as the Phragmites and Iris do oot kirge differences in pH compare to the

inflow water.

Primary function of treatment systems, as represehy the mesocosms, is for nitrogen and
phosphorus removal. As such, specific pH rangest dar nitrification and denitrification
facilitated by microbial communities. Denitrifierare able to perform maximum
denitrification potential between pH 6.5-7.5 (Kadie Wallace 2008). This range of values
most fitting with the SSF system and is indeedtiipe of treatment wetland most readily
associated with denitrification in conventional Gjstems and also provides suitable redox

conditions for the process to be undertaken.

Higher pH values are observed in both of the FWSesys. Although removal of nitrogen
was detected (See below), this was found to beideutthe optimum range (Kadlec &
Wallace 2008). Suggestions for the increased alitalare discussed in the previous chapter,
one of which is algal colonisation of the wateruroh. This process can only occur in the
FWS systems rather than the SSF due to the afwlitlight to pass into the water column.
The process put forward was; €Q@ptake into algal biomass (Schippers et al. 2004)

decreasing the acidic balance of the water cheyn(étilloughby 1976).

Assessing the SSF data it is difficult to assigeirggular cause for the reduction in pH.
Although the result is not considered to be typycakidic, it could be proposed that the
slight acidification was due to increased DOC patdun by microbial biofilms, anaerobic

conditions or reductions in ionic calcium. lonicsM@und certainly to be lowest in the SSF

for the duration of the experiment.

FWS system treatments both have far lower ionicigal values for the initial two weeks
before stabilising in week 3, approximately 100 im@figure 6.16). It is suggested that this is
simply a result of exposing the plants to waterneiséry containing significant nutrient
content. Calcium is an essential micronutrientgimwth of plants regularly amounting to up
to, and occasionally in excess of 0.7% of dry bissnaf higher plants (Jones and Lunt, 1967;
Mitsch & Gosselink, 2000). It is reasonable to delthat nutrient rich conditions initiate

rapid initial growth, resulting in nutrient uptakacluding that of calcium.

Calcium loss and pH reduction may be contributeatds by dissolved oxygen (analysed in
detail later). DO is linked to redox potential aaitbws for conditions resulting in calcium

carbonate precipitation and reducing alkalinity.

EC is a method of water chemistry analysis thatlkike to quickly provide a measure of

electrical carrying capacity of the solution elwidg the quantity of dissolved ions within
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the sample. This is most beneficial in that eanffgiences can be made into changes in the
dissolved ionic makeup of the solutions followingspage through the wetland mesocosms

systems.

Primary ions of concern include nitrate, nitritedgrhosphate as well as calcium in its ionic
form. Following the analysis undertaken on the B@&adFigure 6.7) it was concluded that the
treatments did not significantly affect the elemti conductivity of the water chemistry.

Although fluctuating EC was recorded over time, immvalues were observed in the
treatments as observed in the inflow which maytedia limited change in total ions.

The primary driver for the investigation into calei maintenance was the investigation
carried out by Mayes et al (2009) where CWs wesalder calcium removal. Calcium acted
as a pollutant and was ameliorated by passing therwhrough the wetland in order to
precipitate calcium in large quantities. Carbonfenation is essentially abiotic and is
influenced by oxygen availability (Kadlec & Walla2é08).

DO concentrations and the associated redox statéirked to a number of processes that
occur within the CW environment. There are two psses that are influenced by the oxygen
availability in CWs; these are the formation of mamate precipitates with calcium and
microbial denitrification. Oh & Silverstein (1998)scuss denitrification and DO availability.
Although the situation in which the aforementiorsdhors discuss denitrification potential
in relation to DO is very different to the mesoconsed, namely simulated activated sludge,
the relationship between DO and denitrification agm. Although overall denitrification was
not significantly affected, the rate at which rigravas denitrified was significantly different.
The data discussed in Oh & Silverstein (1999) carapplied to the treatments used in this

experimental set up.

The FWS mesocosms sit just outside of the DO vatuggiested by Oh and Silverstein
(1999)(>5.6mg/L), whilst SSF expressed DO valuesagproximately 2.5mg/L, meaning
denitrification could be potentially occurring asggnificant rate. Although denitrification is
an important process to maintain within the treatimgetland the primary interest in this

piece of research is calcium maintenance.

6.6.2 lon transformations in Mesocosm Calcium Mobinalysis

Nitrogen and phosphorus containing compound remawvathe primary target for the
installation of CWs on the conservation sites ofgksey and the Llyn peninsula

conservation sites. Therefore, it is of the upmiogportance that when examining the
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implications of calcium mobility within treatmentetland systems that these processes are
unaffected by the additional functions requiredhmy system.

No phosphorus containing compounds were found enVlaun Eurad spring water used as
the inflow of the mesocosms supply water, this thasefore not discussed on this occasion.

As seen in figure 6.9 all treatments significamguced nitrate on passing through the CW
mesocosms. This in itself elucidates successfulifawit removal from the systems and in all
treatment types, nitrogen has either been assedilabnto plant biomass or has been
successfully transformed into other compounds ef@mple nitrite or full denitrification to
gaseous nitrogen. The two main processes in nitrogemoval, nitrification and
denitrification, each require significantly differte conditions for these processes to take
place. Such conditions are governed by oxygen abiity or redox potential which has

similar effects on the precipitation of calciumvetlands.

Nitrite in the inflowing water exhibited sporadiludtuation in concentration. However the
systems were able to buffer against these flucnstiall be it at a small magnitude. Nitrite
was not always completely removed or taken uptimosystem.

When looking at the details of possible nitrate aitdte transformations there are limited
transformations that can physically take place €8pr1987). Nitrite known to be an
intermediate step in both nitrification and defitdation. The processes involved in
nitrification are transformation from ammonium intan intermediate compound
hydroxylamine and subsequently production of mtriNitrification continues from here to
form nitrate (Shapleigh 2013). Denitrification irgstingly reforms nitrate through nitrate
reductase expressing microbes. This microbial payhvelates to removal of nitrogen on
strictest terms from the treatment wetland systathia the main method by which nitrogen
leaves the system. Otherwise nitrogen is merelyedtan the biomass of the plants and
microbes inhabiting the system, which due to dexayjes can potentially be re-released into
the water column. It is worth noting that thesecesses need to be accounted for when
designing CW systems as indicated by the C* vatugehe P-k-C* equation (Kadlec &
Wallace 2008).

Other possible transformation of nitrate and mtiimclude assimilatory reductions of the
above compounds back to the intermediate hydroxyamnd reformation of ammonium

(Shapleigh 2013). It is to be noted that no amnmmomivas detected in any of the treatments
nor in the inflow of the experiment. This meand i@ only processes involved in nitrogen

compound removal are denitrification or plant uptak
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Hypothetically, even if all the nitrogen removalepvthe course of the experiment was due to
plant uptake and no microbial denitrification hadkedn place the potential for microbial
colonisation is present. This means that the systamstill succeeding in nitrogen removal

from the water column during the calcium mobilityadysis despite not being fully mature.

6.6.3 DOC and Phenolic Dynamics in Relation to {©iafc

Analysis of DOC is important as the presence aseh@ompounds, especially in labile forms,

is relied upon for microbial denitrification and melation to this experiment, potential
calcium mobility by chelation.

DOC was increased by all the treatments to vargmagnitudes (Figure 6.11). Inflow DOC
influenced the concentrations observed flowing tlgtothe mesocosms, whereby treatment
concentrations seemed to track the changes obsenieflow DOC. The additional DOC
found in the outflow was due to system productidn.all times thePhragmitessystem
produced the most DOC whilst the subsurface sygt@aiuced lowest concentrations.

Although planting density was controlled, DOC ire tBSF systems was significantly less
concentrated compared to FWS systems (46%). Thisfisant reduction may be attributed

to the reduction in void space within the systemisTesulted in a reduced nHRT within the
mesocosm container. Porosity analysis undertakethenSSF gravel media concluded a
porosity value of 0.40, reducing void space by 60%erefore reduced nHRT is observed,
decreasing the potential for DOC concentrationtdu&ishing effect.

However, biofilm colonisation in the SSF system nb&ygreater due to larger surface area.
Discussed previously, anaerobic conditions whe@abial denitrification conditions prevail
are associated with subsurface flow systems rdtter FWS, although the process is still
able to occur. It is also known that organic carbemoval is achieved as a bi-product of
denitrification due to its requirement by microangans in the process (Kurzbaum et al.
2010). The primary difference is that in SSF gsystethe majority of the microbial
community is sessile and bound in a polysacchamedérix where they rely on metabolic
processes of other microbes in the community (Cmstest al. 1995). It is proposed that the
large increase in potential colonisable surfaca arighin the SSF mesocosm may be acting
as an additional means of DOC removal from theesysteither in terms of microbial
biomass accumulation or to meet demand during wiesation. Therefore wetland design
will inevitably influence DOC processing and potaty calcium mobility. Similarly,
variations in DOC concentration ultimately affebetpossibility for calcium chelation or
association with calcium. The potential for the dtygesised chelation in relation to chemical
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make-up of the DOC is discussed later. Howevershieer difference in DOC concentrations
may be enough to overcome any effect of chelataarpgial.

Figure 6.12 provides an insight into the molecudaight properties of the DOC being
released from the mesocosms. It was originally Hyggized that the MW of the DOC being
produced or transformed within a wetland system rpagyvide a mechanism for the
mobilisation of calcium. And from the preliminarglcium mobility experiment (Chapter 5),
calcium associated with DOC of <3500 Dalton MolecWeight Cut off (DaMWCO).

In the mesocosm experiments it was found Btaagmitesproduced the greatest quantity of
<1000Da MWCO DOC for the duration of the experime&trobel, Christian, Hansen,
Borggaard, & Andersen (2001), discuss reactivityL W carbon based compounds and
their reactivity within the soil water interfaceh@y found that in the case of soil DOC in
forests, LMW DOC made up less than 10% of the tBi@IC pool (Van Hees et al. 1996;
Westergaard Strobel et al. 1999; Strobel et al1p@milar to that found in the wetland
mesocosms. Strobet al (2001) found that DOC released various bound dedated metal
ions and that different magnitudes of each metpk tyvere released at different rates.
However, DOC produced as root exudate by plantss @W scenario may result in the fresh
uptake or chelation of metal onto the DOC mole@deopposed to the release observed in
research undertaken by Strolsdl al (2001). The release of metals from the DOC was
chemically induced; therefore binding, chelatiorsorption of metal onto the DOC molecule
must have been achieved prior. DOC produced asudt of photosynthetic processes or root
exudates for modification of the rhizosphere (Lagtial. 2010) may provide DOC molecules
that have not as yet been bound to metal ionswap calcium-DOC molecules to form

where C&" dominates.

Acid mine drainage remediation wetlands are becgrmuoreasingly popular as a means of
removing reduced forms of iron from the mine drgmavater and increasing the pH to more
ecologically safe levels (Hancock 1973; Hedin, Naand Kleinmann 1994; White et al.
2011). It was proposed by White et al (2011) tlnet presence of phenolics prevents the
oxidation of Iron due to its chelation onto the pbkc group of the DOC. This chelation

prevents the iron from becoming oxidised and fograrprecipitate resulting in flocculation.

Tu et al (2004) undertook analysis into the mobilisationAo$enic, among other metals, by
various forms of DOC from 2 fern species. One @& #ipecies produced 3-5 times more
oxalic acid than the second. Oxalic acid is a tpiorm of LMW DOC, and if present in the

root exudate of the test species used in this nessocexperiment could reasonably be

attributed as a form of the mobilisation of calcium
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DOC characterisation was achieved in this experirbgrSEC analysis, indicating molecular
weight. Although thePhragmitestreatment showed significantly more LMW DOC being
produced detailed organic compound analysis mayigeoa better insight into chelation

properties.

Phenolics are a constituent of the DOC pool; howeeephenolic containing material was
detected at any time in the inflow water samplehisTfinding concurs with system
production of phenolic containing DOC moleculed@asd by White et al (2011). Phenolic
production is a function of mesocosm processings Was also in agreement with, and the
basis for, multiple species used in the experinh@@ainalyse production of phenolics between

species and its effect on calcium mobility, as fbimFletcher & Hegde (1995).

Lower phenolics concentrations were observedPlimagmitesSSF treatment compared to
PhragmitesFWS system. Shorter retention time and flushinghiwitthe SSF system is
considered to be the driver for lower concentraiohphenolics. Additionah vitro analysis

of phenolics per unit biomass per unit DOC is exadiin the following chapter. However,
differences in phenolic content were observed kmae contradicted Larue et al (2010) who
found Iris pseudacorugproduced significantly more phenolic material peang of biomass.
Differences in biomass in the current study mayehascurred resulting in reduced phenolic
content observed in tHes mesocosms. Although plant biomass was balancegstdrs start
up by controlling planting density, dry biomass niegve changed significantly over time,

potentially affecting observed phenol concentrationthe rhizosphere.

6.6.3.2 Characterisation and Composition of DO@KYyVis
It was expected that different species would preddifference MW ranges and also exhibit

different chemical compositions of the DOC. UV-Vabsorbance showed that the most
apparent differences in composition lie with aramatomponents. Whilst both planted
systems increased the aromatic content of the D3t noticeable effect was indicated in

the SSF system, despite shorter system retentian ti

Costerton et al (1995) found that increased legelsromatic DOC were linked to increases
in microbial density of biofilms. The SSF mesocosnsed in this experiment provided a
greater surface area for attached microbial comnesnilue to the magnitude of surface area
on the gravel bed media compared to the surfaca mrehe FWS systems. Although,

microbial densities may be different in fully furarting field scare systems.

6.6.3.3Linking aromatic content to original hypaths for greater calcium association with
LMW DOC
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UV-Vis techniques for aromiticity, defined by th:E3, ratio show that that as molecular
weight increases the compounds absorb more UVngelowavelength therefore decreasing
the ratio value (Helms et al. 2008; De Haan & DeBb987). Therefore, high aromaticity
shown in the SSF system (figure 6.15) whilst retajiow total DOC (figure 6.11) may be a
suitable method to maintain calcium mobility whistlucing DOC output from the system.
SSF systems may not be viable in all field situaidue to potential CaG®ormation and
suspended solid material in the inflow wat&hragmitesFWS produced significantly more
DOC in the mesocosm than thés treatment however the aromatic values are similais
may provide a more viable option in field condigofreliminary studies (Chapter 5)
concluded that calcium became associated with LM®CD furthermore evidence in the
literature and characterisation of the mesocosmatios support the potential for chelation
(Helms et al. 2008; De Haan & De Boer 1987; Weiskeaal. 2003).

Humic DOC molecules are generally of high molecwarght, are in abundance in terrestrial
and aquatic systems, and often have the greafest apon water colour (Willoughby 1976).
Many types of DOC have been associated with theeraindissolution and precipitation
reactions (Weishaar et al. 2003). Petrovic, Kast®dacan, & Horvat (1999) discuss the
possibility that humic compounds facilitate heavetats (namely PB, zn** and C&")
binding to soils and minerals where the numberindliing cites on the humic acid regulates
the potential sorption. This research indicatespibesibility for calcium binding or complex
formation with humic compounds produced in the amdl mesocosm. However binding site
characteristics of the humic compounds may induleeifig calcium to soils which may be a
negative effect in the context of the researclhnis thapter.

The results for humic content in figure 6.11, shallwtreatments produced a similar humic
content. However if this is related to the DOC proed in the mesocosm systems, the DOC
released from thBhragmitesFWS treatment is more concentrated followedris/thes SSF
system. This may have direct implication for thenhzicontent per unit DOC produced in the

systems.

In the context of CWs installed on the Anglesey &hgh fens, one of the targets was to
reduce DOC and maintain Calcium whilst removingragén. Phragmites FWS stands
produce low humic content per unit DOC comparedS&F andiris, therefore potential
chelation properties are reduced. DOC with highlathee properties whilst exhibiting low
total concentration should provide most calcium iitgbmaintenance with minimum DOC

output, resulting in efficient mobility maintenanagh regard to DOC released.

Little difference is observed in the SUVA valuegvieen treatments. This may be due to the

correction for DOC concentration. Unlike aromatt@éhumic content, SUVA at 254 nm is
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normalised against DOC concentration. SUVA valuesetates strongly with aromatic
values per unit DOC, confirmed by research coinrgatSUVA 254 against percentage
aromaticity as determined by*QOabelling (F>0.97) (Weishaar et al. 2003). Weishaaal
(2003) found correlations between SUVA and arorsaiibilst Helmset al(2008) found that
the reason for decreasing E2:E3 ratio was duedeased HMW in the sample. If we apply
this to the data in figure 6.15 we see that the AWy the SSF system is similar to the other
treatments; however the treatment shows a low D@lQev(figure 6.11) suggesting a low
254 nm absorbance in order to provide a similar 8Uxlue. In order to observe an a
significant increase in aromatics, the E3 value lmkkd higher MW for the SSF system
must be equally low in order to generate a largematic value. This shows that the
composition of the DOC arising from the SSF systexs a low total DOC content however
the aromatic, and inferred LMW DOC, percentage rsater than the other 2 treatments

meaning there is a potential for high chelatiorhvatw carbon output.

Following this analysis of DOC characteristics segjgons can be made into CW design and
species selection. SSF systems seem to facilitaieegses in the rhizosphere, linked to
greater LMW DOC production per unit DOC. This typfeDOC is by its nature more labile
and readily used in biological processes such adriieation and may possess increased
chelation properties for calcium. Secondhs produces similar quantities of LMW DOC per
unit DOC for calcium chelation and mobilisation. Using syssewith Iris may allow for
maximum calcium chelation and mobility maintenamgé the minimum DOC production.
The production of LWM labile DOC also means tha tOC will have less impact upon

downstream water bodies due to increased utilisatidhe conservation sites.

6.6.4 Calcium Analysis

Various calcium components were analysed in oenterstand potential for chelation and
fate of calcium in the system. Maximum possibleciceth concentration flowing from the
systems is desirable, whether this is as a cheldileDOC compounds or otherwise. It was
expected that differences in calcium concentratr@y occur due to plant species nutrient
uptake requirement, flocculation, carbonate fororator chelation to DOC resulting in

mobility maintenance.

All treatments in the mesocosm study reduced tineertration of ionic calcium. As calcium
is an essential nutrient for plant growth (Mitsch@osselink 2000) a portion of the ionic
calcium removal can be attributed to plant growkhe significance of this can be seen
especially well when the first 3 weeks of calciumtad are observed in the FWS planted

systems (figure 6.16). Over the course of thedhi weeks of the experiment, calcium
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utilisation by the plants or otherwise, decreasgsdty. lonic calcium values stabilised from
week 4 to the end of the experiment. Uptake ofigalds one transformation that can occur
in wetland systems, however binding to DOC may tmuaing by week 4 leading to reduced

detection of calcium in its ionic form.

Kadlec and Wallace (2008) discuss the formationasbonates and the conditions in which
this reaction takes place. Formation of carbonatesirs due to the precipitation of HgO
with C&*. However the reaction is mediated by high pH. As teaction occurs Hs
released from HC@ It is suggested that CaG®@nay have been formed within the SSF
mesocosm, this means that the producédnidy still be in solution driving down the pH in
the outflow (figure 6.6), although this is thougbtbe minimal due to the pH of the SSF
balancing around 7.3. Low DO concentrations arewkndo induce carbonate formation
resulting in pH reductions. CaG@ less bioavailable to plangd could explain stunted
growth observed in the SSPhragmitesplants. Reduced hydraulic retention time in the
system could account for reduced contact time batvioavailable calcium in its ionic form
and the plant roots. Approximately 30% reductionanic calcium is observed in the SSF
system for the entirety of the experiment: limitepgtake and carbonate formation seems

likely.

Although CaCQ formation within the treatment wetland could be lp}eonatic and reduce
calcium output from the systems, potential sorppooperties of the calcium carbonate for
phosphorus binding (Prochaska & Zouboulis 2006)&ian be seen to be beneficial to the

project.

All of the treatments significantly reduced theatotoncentration of calcium in the water
column (Figure 6.19) howeverPhragmitesis continually less concentrated with the
exception of week 5. This seems to correlate vather ionic values as seen in figure 6.20.
Total calcium was more concentratedliis and SSF treatments and may be attributed to
uptake or precipitation. This data is importanthe development of calcareous fen on the
Llyn and Anglesey Fens project conservation silesubstantial calcium is being removed
from the water column the development of calcardenshabitat will be ultimately limited.
Moreover, the selection of plants may be more afuitian first thought. It may be plant

calcium requirement that drives the availabilitycafcium in the water column of the CW.

6.6.4.1Total Chelation and Increased Calcium p@sen

It has already been concluded that the presendthiEgmitesin the system reduces total
calcium concentration significantly, however funtlseipport for the potential chelation with

DOC as produced in tHeis mesocosms is illustrated by figure 6.Ris has a greater value
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for total calcium and furthermore exhibits in ge¥af2.4%) concentration of bound calcium.
Moreover, Weis & Weis (2004) refer to the regularif macrophyte metal utilisation in
treatment wetlands, where “nutrient pumps” (OdurB8)%are the pathway by which heavy
metal pollutants are taken up into plant biomasss proposed thaPhragmitesexhibits a
greater percentage biomass of calcium and therdfasethe potential to exhibit greater
numbers of calcium channels in the roots of thatglaanlris.

6.6.6 Conclusions

All of the treatment wetland types significantlynreved nutrient pollutants from the water
column as set out as the primary function of teattnent wetlands systems installed by the
Llyn and Anglesey LIFE Fens project. Biological ni@ation and immobilisation was found
to vary between constructed treatment wetland systesigns, in this case FWS and SSF
treatment systems, and also between the plantespased in this experiment. System design
and plant species can also affect the amount dfiural passing through the systems.
However, it is uncertain if this is primarily due plant species and the production of DOC
with chelative properties or DOC modification doeemicrobial activity within denitrification
optimised subsurface flow systems. Calcium is adknplant, however this experiment was
short term, mesocosm scale and under controlledibomns. Field measurements of tissue
calcium content may elucidate a species preseth@mlyn and Anglesey fens suitable for

CW use whilst exhibiting a low biomass demand fcicm itself.

Further knowledge needs to be gained on the memmaninvolved in calcium mobility

which is explored in chapter Tn vitro experimentation with plant species specific root
exudate DOC was undertaken in chapter 7 to cordimgnchelation properties linked with the
root exudate DOC. Secondly, whether the chelatrasotubility maintenance is an artefact of

root exudate DOC production or microbial DOC preieg as a result of system type.

However, this research can influence decision ntpkimd advise best practice for the design
and installation of CWs to treat diffuse agricudtiupollution in the form of nitrates and
phosphates where Calcium maintenance and DOC reduate requiredlris FWS systems
are able to maintain high pH, perform good nitrogamoval, prevent large DOC losses from
the system, produce low phenolic concentrationgywalfor ionic and total calcium
maintenance, and release a high proportion of #ieiutn in a bound form potentially
chelated to the DOC produced in the system. Bycetethis set up for nutrient enrichment
and DOC reduction, whilst maintaining calcium, MW LIFE Fens Project targets may be
met. However this is in conjunction with properIsua of the treatment systems in order to

achieve the primary target.
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Chapter 7 - Investigation into the Effect of Plant

Species on Rhizosphere DOC Production
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7.1 Introduction - Root Exudate Contribution to €an Mobility

Total and ionic calcium concentrations in wetlarate potentially affected by 3 main
pathways; plant uptake, precipitation in or bindioghe system components and thirdly by
chelation. There is a potential for plant selectiathin treatment wetlands based on species
specific calcium requirement or the facilitationaaicium mobility maintenance by chelation
to LMW DOC and phenolic compounds produced by satdates, as described in Chapter 5
and 6. Thus exudate compounds were collected fRImMagmites australisand lIris
pseudacorusn order to determine the potential for calciunelaion and resultant mobility

maintenance.

Hypothesis development

Chapter 5 suggested that*&ecame associated with or chelated to DOC of M\8083
Daltons. Chapter 6 indicated tHas produces more LMW DOC per gram of total DOC, and
that Iris treatments resulted in greater ionic and total igalccompared tdPhragmites
treatments. Therefore the following hypotheses vdeneeloped to quantify the mechanisms

involved in calcium mobility highlighted in the prieus chapters.

1. Iris pseudacoruproduces DOC based root exudates that contain planeolics and
LMW compounds per unit DOC th&hragmites australis

2. Due to the above, DOC produced lrys pseudacorushas more potential for
chelation; therefore will maintain mobility and pesting calcium precipitation

within the constructed wetland environment.
7.2 Methods

7.2.1 Plant Selection and Preparation

Maturing Phragmitesand Iris plants were extracted from the FWS treatments usdde
mesocosm study(chapter 6), FWS systems plants sedeeted in order to minimise root
damage. Plants were selected based upon simildr ald shoot sizes and degree of
development. Each of the plants was washed in aodesmove the majority of the remnant
soils and to remove biofilms wherever possibleuffeg7.1 and 7.2). The plants were weighed

individually in order to produce 5 replicates ddimilar weight for each species.

7.2.2 Root Exudate Collection

Plants were set up hydroponically in order to poedsolutions containing the root exudate
DOC and phenolic material. In order to prevent agfabiological processes resulting from

the manipulation and disturbance of the roots plhats were placed into ultrapure water for
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two days prior to being moved and suspended hyaioplhy into 1 litre of ultrapure grade
water for exudate collection. This period also bdlpemove any remaining soils from the

roots (figure 7.3 and 7.4.

Above ground parts of the plant were allowed actess$irect sunlight and the atmosphere.
The plants were secured by the addition of sofkipgcaround the base of the stems in order
to support the plant in the collection bottles.ol tovering was placed around the bottles in

order to prevent sunlight penetration into the mmmte.

Following a period of 10 days the plants were reeabfrom the bottles, the water in the
collection bottles was filtered through 0.45um Wha filters and 1L stored at 3°C until
analysis. The plants were measured for wet bisjmasd also dried at 45°C for 48 hours
before dry biomass was recorded. The dried plamise weighed in terms of their below
water level (i.e. roots and rhizomes) and shootbigs individually and also as below water

level and shoot dried biomass. This was undertakender to assess the production of DOC

and phenolics standardised against the biomasscbfreplicate.

Figures 7.1 and 7.2 Five replicates dfis pseudacorus and Phragmites australis (Left and right respectively)
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Figure 7.3 and 7.4Iris pseudacorus and Phragmites australis (Left and right respectively).

Note- the pictures were taken during the 2 dayilsdabon phase where immersion in water
aided final soils removal from the roots and rhizsmwhich was discarded before exudate
collection.

Figures 7.5 and 7.6 - Root and shoot biomass for toplant species pre and post drying (Left and rightrespectively).

7.2.3 Data Collection

From the root exudate solution the following infatmn was collected as specified in
Chapter 6

153



DOC concentration

Phenolic content

Molecular weight Spectra

UV VIS absorbance scan 200-800nm

P w0 NP

7.2.4 Calcium Addition

Following filtration and analysis of root exudatengples, CaGlsolution was prepared to
300mg/L C4&". CaC} solution was added in equal measures to 150ml aif egudate DOC
from each replicate. Thorough mixing of the comgesnusing an oscillating table was
undertaken for 24 hours to allow mixing of the exigdwith the CaGlsolution. Assumptions
were made at this stage that no additional caldiah leached from the plant roots during
exudate collection and that calcium concentrati@ulel be due to the artificial addition of

calcium chloride only.

Following calcium addition and mixing, the ionicdatotal calcium values were assessed
using the aforementioned methods of analysis. lmomatography was undertaken for the

same suite of ions as used in earlier chaptersewemonly ionic calcium data was used here.
7.3 Results

7.3.1 DOC

20

Phragmites B Phragmites M lris Iris

Figure 7.7 — Total DOC produced by the test speciekiring hydroponic root exudate collection. Error bars indicate

standard error of the data.

Although plant biomass was estimated to be relgtigemilar, Phragmiteswas shown to
produce approximately 7mg/L more than this substrate collection. T-test analysis for
DOC produced in the root exudate showed signifigifierences in the concentration of
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DOC within the collection bottles. However, addi# data including tissue biomass was

also required in order to draw to express DOC pérhiomass.

7.3.2 DOC Standardised per Unit Plant Biomass
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Figure 7.8 DOC produced per unit dry biomass oPhragmitesand Iris.

Total DOC produced as root exudate was standardigamhst biomass to assess the input to
the DOC pool. In all instancd®hragmitesproduced greater concentrations of DOC per unit
biomass. DOC standardised for total biomass inglicatstatistically significant difference in
root exudate DOC production (p<0.020)

7.3.3 Phenolic Constituent of the DOC Pool
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Figure 7.9 - Phenolics produced byhragmites and Iris as root exudate.
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Phragmitesproduces more raw phenolics consistent with DOgu(é 7.7). However when
phenolics are standardised per unit D@ produces a greater concentration. ANOVA
analysis indicated a statistically significant diffnce between the phenolic content of the
DOC produced in the root exudate collection (p<@)0O@hragmitesproduces statistically
more phenolic, howevelris is observed to produce more phenolic compoundsupierof
DOC although this was not significant (p<0.057).

7.3.4 Low Molecular Weight Fraction of DOC
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Figure 7.10 - Low molecular weight constituents ofaot exudate DOC.

The data shows that Phragmites produces greatetectation of total LMW DOC
concurrent with figure 7.7, however when standadliger gram of biomass Phragmites and

Iris produce similar concentrations.

The data from the LMW DOC per unit biomass was tboot to be normally distributed and
the variances between the treatments were notasimilough in order ANOVA. A T-Test
was performed in order to compare means for siganiti differences. The T-test indicated
significant difference was found between the andPhragmiteswhen analysing the LMW
DOC before the biomass element was included. Aafissic of p<0.930 was found indicating

strong significance between the treatments.
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Chromatogram View
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Figure 7.11- Phragmites and Iris size exclusion chromatograph.

Phragmitesshows a greater response during the early stéfgesmgpound detection, when
higher molecular weight groups are desorbing frbendolid phase of the SEC column. At 10
minuteslris 2 (Red) shows a greater concentration of moleaultgn the lower molecular
weight range. The data presented here supportsefigw’ for total DOC, and confirms
evidence from the LMW data (figure 7.10) supportthgt Phragmitesproduces more total

DOC whilstlris produces more LMW DOC per unit/g biomass/mg DOC.

7.3.5 UV-Vis Spectroscopy
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Figure 7.12 — UV-Vis component analysis of root exiate DOC.

The graph above contradicts the data seen in figuté of Chapter 6, where the FWS
Phragmitessystem produced DOC with 15% lower aromatic valnethe CW mesocosms.
When analysing root exudate DOC contribution aldnis, produces distinctively greater
concentrations of aromatic carbon tHimragmitesalthough it is more variable. Humic level

follows the trend observed in Chapter 6, indicatiag approximately 50% greater
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concentration irPhragmitesroot exudate values. Similarly SUVA per unit of D@Ges not
suggest differences between the two species umaéysss.

7.3.6 Calcium Concentration
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Figure 7.13 — Bound (non-ionic) calcium per mg ofaot exudate.

Thelris data suggests a significant greater concentratidoound Calcium thafhragmites
(p<0.048).

7.4 Discussion

7.4.1 DOC Compounds

On analysis of the DOC produced as root exudatur@i 7.7), as reported in chapter 6
Phragmites produced significantly more DOC (80%) than Irg<@.03). Detection of

concentrations up to 20 mg/L DOC in the root exadaillection experiment confirms that
DOC is contributed to significantly by root exudafechieving the lowest possible DOC
concentration in exported waters is a target far thFE Fens project. Even when DOC
production was standardised against bionfigmgmitesproduces approximately 50% more
DOC per unit biomass. Based on DOC production, botal and per unit biomass (figure
7.8),Iris is more suitable for use in the CWs on the Angles®l Llyn conservation sites due

to the requirement for lowering DOC output.

Morphological variation, photosynthetic by-produatsed as exudate, root surface area and
degree of suberisation vary between the speciel/sata It is proposed that increased
production of DOC is a factor that is potentiallgntrolled by root surface area. When the
roots of each species are considered, morphologasation is clear. Attention is drawn to
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Figure 7.5 and 7.6 where plants used in the rootiabe experiment are picturdehragmites
australisis seen to have a larger amount of roots genefadiwever the biomass weight is
similar to that of thdris pseudacoruslris posessed a heavily suberised main root which is
highly dense, rhizomes project from this main re@mid have limited surface area in
comparison to the Phragmites roots. This variatioimplied surface area may contribute

towards reduced DOC per unit biomass observdsin

7.4.2 Phenolics

Understanding of potential chelation, highlightedtbe mesocosm experiment may include
chelation of C&' to the phenol molecules on the DOC compouds. \Whiteeman, & Kang

(2011) found strong correlation between phenolied @mon complex formation preventing

oxidation. Similarly, if calcium is capable of chabn with the phenolic group, increased
phenolic content per unit DOC may be advantageGusater phenolic production suitable
for calcium binding and mobility maintenance in thwetland system also supports the
Anglesey and Llyn LIFE Fens focus for reducing t@&®C output. Reduced decomposition
in the fen may be observed due to inhibitory charstics of phenols and low phenol
oxidase activity (Freeman et al. 2004). The bupdaf phenolics in combination with

reduced bimolecular oxygen caused by rewetting hed fens should reduce overall

decomposition and associated DOC release.

The results of the phenolic analysis (figure 78jicated thatPhragmitesproduced the
greatest concentration of phenolics. However, statdiged per unit DOQris is observed to
produce more phenolic compounds. If the observatinrmetal binding properties by White
et al (2011) apply to chelation of calcium, thea tXOC produced as a root exudateliy

has a greater calcium carrying capacity whilst caalyiDOC output to the conservation site.

7.4.3 Molecular Weight Variation

LMW DOC constituent was analysed due to its po&nior chelation, as found in the
calcium dialysis experiment (Chapter 5). Tinevitro experiment showed th&hragmites
andlris produce statistically similar quantities of LMW @per unit biomass (Figure 7.10).
This investigation elucidates the importance of yr@t biomass correction. If we reconsider
evidence for LMW DOC production in figure 7.1Bhragmiteswas observed to produce
significantly greater concentrations of LWM DOCgé&ie 7.11 also shows that the DOC
MW spectral distribution of each of the specieslsd.
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7.4.4 UV-Vis Spectroscopy

Analysis of aromatic character, humification indaxd SUVA showed that although humic
content and SUVA showed similar results to the mesms, Iris aromatic content was

significantly greater in tha vitro experiment.

Costerton et al. (1995) found relationships betwasymatic root exudate production and
colonisation of biofilms. It is proposed that duyithe setup of thén vitro experiment,
biofilms previously colonising the roots of the mist was washed off. This induced the
production of labile aromatic DOC by the roots whjgromote the colonisation of biofilms
allowing the plants to benefit from the microbigirbioses that arise (Walker et al. 2003).

7.5 Calcium Mobility and Dynamics with Regard todR&xudate DOC

Revisiting hypothesis 1, it was confirmed thas produced greater phenolics and LMW
DOC per unit biomass per unit DOC thBhragmites However, this alone did not provide
the mechanisms by which DOC interactions with diss calcium. Analysis of DOC-Ga
interacts was quantified by calcium addition to thet exudate samples detailed below. It
was hypothesised that wetland macrophytes prodifieeeht concentrations of DOC, LMW
carbon and phenolic compounds dependent on rhirospthemistry, plant morphology,
microbial communities colonising the roots and hesu symbioses. Understanding the
mechanisms involved in potential DOC chelation afcium was paramount in the vitro
testing. However, the experimental set up alsonedtb for the collection of root exudates,
this allowed for separation of within the systemdaroot exudate specific factors.
Mechanisms of chelation driven by root exudates ewanalysed independently of
contributions made by system design specific DOGIifftations, which was observed in

chapter 6.

Figure 7.13 shows that DOC produced lbig is capable of binding significantly more
calcium per unit that DOC produced IBhragmites This evidence indicated that root
exudates root exudates producedris/have a greater calcium carrying capacity. In teoms
effect on the water chemistry within the CWs on tdomservation sites, this means that

maximum calcium mobility is achieved for minimum B@utput.

Following confirmation of hypothesis 1, hypothe&isvas revisited.Iris not only produces

greater concentrations of phenolics and LMW DOC poumds per unit biomass per unit
DOC (hypothesis 1), the calcium detected in lifiee treatments was also found in greater
concentrations in a bound form thBhragmites This therefore has the potential to prevent

complex formation of calcium with carbonate, resgltin calcium mobility maintenance.
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7.6 Conclusion

In vitro analysis of DOC supports the conclusions drawmftbe mesocosm experiment of
chapter 6. Calcium increasingly forms associatiath wDOC originating from the root
exudates produced Ibys pseudacorusThis species produces significantly lower amowrfits
DOC per unit biomass. When installing CWs to treatiched spring water supplying the
alkaline and calcareous fens of the Anglesey aryd LIFE fens project it is of benefit to
install systems that contain primarllys. Selectingris as the primary macrophyte will aid in
preventing elevated DOC within the fen, and sinylar the catchment the fen supplies. This
is particularly the case at Cae Gwyn, Anglesey, reitibe fen directly supplies a drinking
water reservoir. Chlorination used in the disinfattprocess at water treatment works can
lead to the release of disinfection by-products nvispecific types of DOC are present
(Cotruvo 1981). Reducing DOC production with the €¥upplying the fen by selecting for
Iris rather thanPhragmitesmay therefore lead to reduced health risk (Brentia®chiestl
1998).

Increased phenolic content of the DOC producettisymay also prevent the decomposition
of material within the treatment systems by inhdmtof hydrolases linked to reduced phenol
oxidase activity (Freeman et al. 2004). Greaterdipgical control and rewetting operations
undertaken in future within the conservation si@ymsuppress the activity of phenol oxidase
resulting in a build-up of phenolics which inhidiécomposition by hydrolases, as mentioned
in previous chapters. This could lead to furthemadg carbon capture reducing health risk

further.

Although the exact mechanism for calcium chelahas not been exhaustively characterised
evidence suggests that the increased phenolic rtowi# indeed chelate more calcium as
seen in White et al (2011). Greater LMW constituexhibited in thelris DOC may have
implications into calcium mobility and microbial eisvithin the fen conservation sites, as
labile carbon may be targeted as a carbon sourcemiorobial processes, including

dentitrification.

Potential chelation, binding or association of wait with DOC produced bylris
pseudacorusvill allow for the maintenance and or colonisat@nM13 communities within
the conservation site (Elkington et al. 2001). @amtc maintenance drove research into
intrinsic system qualities that could be engineerdd CW design and best management
practice. This target driven research has provaleditable option for calcium maintenance

to the fens.
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Calcium mobility analysis and experiments were Hdaspon in vitro water chemistry

observations. In order to successfully quantify ahdracterise the potential for maintaining
C&* mobility in the CW environment, characterisatidrttee DOC and phenolic compounds
needs to be undertaken in order to understand dahanism of chelation. Also, if chelation

of C&" occurred on the DOC molecules, the chelation bipdite should be identified.

Carboxylic acids are a key component of naturatydpced DOC compounds (Oliver et al.
1983). And are regularly a constituent of LMW DO@rgpounds (Strobel et al. 2001). This
supports the Ca associations with LMW observedhapfers 5 and 6.

RAE— )

Figure 7.14 — Schematic diagram of carboxylic §Bid Ruiter 2005).

It is proposed that the chelation site could bkddto the polar region of the carboxylic acid
as described below (figure 7.15). lonic Calciunpiisvalent in a Ga form when dissolved.

Therefore association or chelation may occur devid.

5 w\w +
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Figure 7.15 — Schematic diagram of proposed calabsgiation site on the carboxylic acid

group.

Calcium chelation may allow for increased transpafrtcalcium through the constructed
wetland. Secondly, the exploration of calcium chetamechanisms which exploit intrinsic
system DOC and phenolic production, due to systeeeiBc and plant derived sources both

showed potential for increasing calcium mobilityGhvVs.

These data have shown that FWS systems plantedIngtipseudacorusoffer a suitable
option for not only calcium maintenance or reducattium uptake, but also systems that
will successfully minimise enrichment pressuresseauby the influx of eutrophic water
chemistry supplied to the conservation sites frdra $pring issue points. Targeting the

nutrient enriched, calcium concentrated springs$ wieatment wetlands as set out in this
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research may offer the opportunity for significanhservation success on the Anglesey and
Llyn Fens LIFE project and other systems charasmedriby high nutrient removal and

calcium maintenance requirement.
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Chapter 8 - Synthesis and Conclusions
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8.1 Introduction

The use of Constructed Wetlands (CWs) for watetityuanprovement has been explored in
this thesis, with emphasis on two major subjecasrd-irst, the combination of anti-algal
phenol release from degradation of organic maWéngfield et al. 1985; Welch et al. 1990;
Pillinger et al. 1994) in association with Floati@gnstructed Wetland (FCW) technology
building on the work of Headley, Tanner, & Coun(2006). Secondly, maintenance of
calcium mobility within CW systems and the supphoptimal water chemistry by means of
CWs.

Joint Nature Conservation Committee (2008) disausd® issue of eutrophication in
freshwater water bodies in the UK. Estimates ofpfbeentage of standing water bodies with
eutrophic status was 80% for England, 40% in Wale$ 15% in Scotland, totalling an area
of 845 knf. These values highlight the effects of nutrientigmment across the UK.
Biogeochemical cycling of Nitrogen (N) and PhospisofP) is being significantly disrupted
by a range of processes undertaken largely by tdarath 1997), and significant problems

are being caused by agriculture (McDowell & Wilc&®08).

Not only are 845 kfof standing water bodies being negatively affedtederms of their
ecology, water chemistry and ecosystem functiont Wwider implications of nutrient
enrichment are being observed in the watersheds Mg certainly been observed in the
water chemistry of the Anglesey and Llyn sites ligdsuch waters, where the majority of the
catchment consists of intensive agriculture. Rathan the production of algal blooms in a
water body, invasion of competitive graminoid spscreliant on high nutrients has been
documented.

A number of methods exist which may be capable wimsing enrichment and pollutant
loading, both in standing water bodies and the mod¢échment. One of the primary methods
being increasingly applied is Catchment Sensitiveernfing (Natural England 2011).
However, in the case of the Anglesey and Llyn siea®en immediate halting of intensive
farming may still lead to enriched water affectthg conservation sites. This is due to the N,
and in some cases P (Holman et al. 2008)legacyniiitle aquifers and catchments supplying
the fens (Beamish & Farr 2013). This has the p@kid continue the supply of enriched
spring water for a considerable amount of time magpdrom years to decades (Farr et al.
2013). As presented in the preceding chapters, ©¥é& an immediate environmental
engineering based tool to reduce nutrient enriclinpeassures in freshwater ecosystems,
particularly in catchment-scale conservation prigjebut also by means of inclusion and

retrofit into standing water bodies suffering eptiic effects.

165



8.2 Success

8.2.1 Floating Constructed Wetlands

Research undertaken in this thesis into floating SCl/WCWSs) provided evidence of the
benefits for system use for the prevention of alglalom formation. The hybrid system
merged FCW technologies with anti-algal phenolical asuccessfully reduced nutrient
concentrations and algal bloom densities. At thatngoncentrated phase of the algal bloom
in the control treatment, planted floating systemxisibited 90% or 630mg/L less chlorophyll-
a. The reduction in algal bloom density reduced diegradation of aquatic ecosystems.
Eutrophication is said to become a significant peobwhen the algal bloom formed due to
nutrient overloading has a primary production vaifi@50g of C/m (Herath 1997; Jost et al.
1991), severely deteriorating water quality affetts health of an aquatic ecosystem and is
one of the major problems caused by excess nutoading.

Socio-economic factors such as loss of primarydgichl function (Yang et al. 2008b), filter
blockages in water treatment plants (Welch et@90) and potential health hazards including
increased concentrations of methemoglobinemia (fedwa004) are significant motives for
nutrient load reduction in freshwater bodies arel/pntion of algal bloom formation. The use
of anti-algal releasing compounds (Wingfield et185; Welch et al. 1990; Pillinger et al.
1994), incorporated into a floating wetland syst@mgether with the inclusion of wetland

macrophytes offered a successful mechanism fomwataity improvement in Chapter 3.

Systems as implemented in a manner to mimic Wilthie al (1985), where macrophytes

were not present, showed marked decreases in Réss@xygen (DO). This was attributed

to the breakdown of organics and DOC, including naherelease (Chapter 3). Planting

resulted in greater concentrations of oxygen detkot the rhizosphere as a result of ROL
(Armstrong 1980; Sorrell et al. 2000), compensatorgny oxygen demand for breakdown of
organics added to the system as substrate. Hagepdstulated that greater degradation of
phenolics and associated release into the watanmgolncreases in relation to greater phenol
oxidase activity (Freeman et al. 2001). Howevenjted phenol oxidase activity was detected
throughout. Despite low phenol oxidase concentnatiphenolics were still observed in the
water column, water quality was significantly impeal in the planted systems and biological

control over algal density and nutrient loading whgained.

Phenolics and DOC release was examined furtherhaptérs 6 and 7, where plant root
exudates were found to be a considerable contnigdigictor to biological processing in CWs.
The input from macrophytes into CW biogeochemiacalling has also been examined by

Zhai et al. (2013) where root exudates were foundontribute to denitrification processes.
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The input from the plants may be contributing tgahlcontrol as observed in Chapter 2 and 3

and also in terms of calcium mobility in Chapter$and 7.

Additionally, the installation of an un-planted FC¥ystem, utilizing phenolic releasing
organic matter alone, was found to worsen the effet eutrophication in the mesocosms.
When considering denitrification in treatment wetla, a substrate for microbial community
attachment and labile carbon sources are needatlgiK& Wallace 2008; Shapleigh 2013;
Vymazal 2007). Here, only partial denitrificatiorasvobserved, which manifested itself as
increased nitrite in the water column. This compgbwas found to be more bioavailable to
green pelagic algae as described in Heffernan &ndfjs(2012) and resulted in the

observation of greater densities of algae.

8.2.2 Nutrient Removal Case Studies

Following investigations into water body enrichmethtis PhD sought to contribute to the
NRW Anglesey and Llyn Fens Project. Here, enrichinagra eutrophic water chemistry was
affecting large areas of peat and fenland, coninguconsiderably to site degradation. The
installation of CWs would provide an insight andredi benefit to catchment scale

conservation projects where enrichment is a sicguifi problem.

Chapter 4 details the three primary systems imstadh the Anglesey conservation sites. All
systems designed, installed and monitored in tbggtr significantly reduced N inputs to the
fen. The systems installed were monitored for aopeof 14 months, allowing for estimates
of total elemental N removed from the water to bamified. Averaging values from the 3
systems, based on mean flow, inflow and outflowdipounds and differences observed,
suggests that 243kg of N were removed from the mfideing onto the conservation sites.
This quantity is approximately equivalent to a 1oBne bulk bag of “Straight” inorganic

fertilizer.

Although P is generally considered the limitingtéacfor plant productivity, and healthy
systems tend to possess a C:N:P ratio of 106:18i8¢h & Gosselink 2000) P was not
readily detected at the locations where enrichmeegetation community shifts and
eutrophication were being observed. N compound vamwas therefore the target for the
CWs installed.

Hydraulic retention based calculations (nHRT), Igisation with NitraBar Systems
(NitraBar Field Report, 2009) and first order ardegradation rate coefficient modelling and
integration of the P-k-C* model (Kadlec & Wallac(B) were systematically included and

developed through the project. Although nHRT caltiohs are a basic method of CW
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scaling, once knowledge had been developed in Pskdling, recalculation of systems
designed using nHRT and inclusion of the systemsarpaters into the P-k-C* equation

correlated with the observed improvement in wakemnaistry.

Ca supply to the receiving fen communities (Joiatude Conservation Committee 2008) was
an important factor at all 3 of the CW systems. Ti&@n focus was the Cae Gwyn Free
Water Surface (FWS) system, due to the installatibthe CW being part of hydrological

reconnection works carried out by NRW. The CW gyshere was implemented in order to
connect water from Ca rich springs to a major peaprofiling scrape for fen habitat

restoration. Ca mobility, in particular preventitige formation of calcium carbonate in the
CW, was of concern for the LIyn and Anglesey fengqrt as well as maintaining treatment

performance with regard to conventional nutriemogal.

Using information from Mayes et al. (2009), wher®V&€ were used for the removal of
calcium at pollutant levels, hypotheses for reMen$gprocesses were explored. Knowledge
developed in Chapters 5, 6 and 7 can be used inQWwsystems where calcium mobility is

required and for the modification of systems the/lRife Fens CWs where needed.

8.2.3 Calcium Mobility Maintenance

In order to quantify the potential for maintaini@g mobility, mesocosm systems were used
to manipulate system design and plant selectioe. ide of mesocosms allowed for the use
of multiple replicates in a controlled environmehhis process meant mechanistic analysis

could be undertaken to distinguish the processas\vad.

White et al. (2011) proposed binding of Fe Il teepablics, whilst Shen et al (1998) proposed
methods of calcium solubility by binding to low reollar weight carbon based molecules,
especially inositol phosphate. DOC and phenolic paumds are regularly observed in the
influent and effluent of the Anglesey CWs, addiaibmompounds of this nature are also
discussed by Zhai et al (2013) in terms of plandpction. Here, a method by which calcium
could be prevented from forming a precipitate vid@® would be the primary mechanism for
solubility maintenance optimised by utilising LMW QX containing phenolic groups

produced as plant root exudate.

The preliminary study was used to observe the efiéenolecular weight (MW) of DOC
molecules on potential binding or association \@th The results showed Ca was associated
with low MW DOC of high phenolic content. This eeitce informed hypotheses in relation
to constructed wetland design, i.e., Horizontal -Sutface Flow (HSSF) or Free Water

Surface (FWS) and plant selection. Larue et all@2Gnalysed the phenolic content of a
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number of wetland macrophyte species and foundatran in the tissues and root exudates.
This evidence was the driver for the investigatioto species selection for future systems

installed on the Anglesey and Llyn Fens.

Iris pseudacorusWS was found to maintain Calcium concentratianghe greatest degree
on passage through the wetland mesocosms. Thaledidn of the plants in terms of root
exudate was further studied Imyvitro analysis of collected root exudates detailed iagZér

7. The collection of root exudates and consequesting of ionic and total calcium
concentrations allowed for assessment of a potattedation method. The driver for calcium
maintenance and DOC reduction was highlighted aptdr 4. These targets were set due to
the Anglesey SSSI sites acting as the catchmentftwcal drinking water reservoir it
supplies. Currently, there are various means ddtitrg water; this involves the use of
chemicals and physical processing. Usually, watdereated by the addition of a disinfectant
chemical. These include chlorine, ozone, chlorirxide and chloramines (Krasner et al.
2006). However, the use of these halogen basedicalsntan result in the formation of
trihalomethanes (THMSs), which have been linked &gative impacts on human health
(Chow et al. 2003). Therefore, although DOC andnphes could provide a chelation and
mobility mechanism, increasing this could resulaitrade off in terms of negative impacts
on drinking water quality. The cost and benefitshabitat protection and drinking water
supply therefore need to be analysed dependindhersite in question. Further studies in
Chapter 7 however, indicated that per unit biomasgseudacoruproduces less total DOC,
similar concentration of low MW (<1k Dalton) DOC dnincreased phenolics than
Phragmites australisThese characteristics makes pseudacorus suitable plant species for

selection in CW systems where calcium maintenam@@portant.

This finding may tie into research undertaken iraftkrs 2 and 3 where phenolic production
potentially affected the proliferation of algae aneutrophic mesocosm. The results from
Chapter 3 showed that phenolic concentrations éelliin Iris pseudacorusmesocosms
were similar to concentrations exhibited Bjairagmites australisWWhereas in then-vitro
experiment (chapter 7), differences in phenolicdpation were observed. The FCW
experiment suggested rhizospheric and biochemidaractions that led to similar effects
observed in treatment effectivity, however mechamianalysis atin vitro scale proves
otherwise. This evidence highlights the importaotenderstanding processes framvitro

to field scale.
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8.3 Approach taken

The research undertaken in this PhD was scalad watro microcosm mesocosm and full
scale for both key aspects of the research. Ddtailechanistic analysis was undertaken in
mesocosms whilst the installations of full catchtrearale systems were also employed.

Mesocosms have been gquestioned by many resear@@angenter 1996; Schindler 1998;
Ahn & Mitsch 2002) regarding their limitations. Eglgffects and limited environmental
interaction are seen as intrinsic problems. Howewben analysing mechanisms involved in
the biochemical processing in the CW system, rapba and control must be gained.
Mesocosms were certainly deemed appropriate foF@/ and Ca chelation experiments,
however differences in mesocosm location were cansd carefully.

The FCW experiments, although controlled were uaften in such a way as to be exposed
to environmental inputs. All water chemistry nuttie@dditions, installation times, FCW set
up and monitoring could be undertaken in a highlgntwlled manner, however
environmental effects allowed for increased po#dnfor algal colonisation than in a
laboratory environment.

A full scale prototype FCW was produced and insthihto a eutrophic lake on Anglesey as

part of an ongoing project. Preliminary data sutggeincreased concentrations of phenolics

localised to the system

e

Figure 8.1 - Dense Algal Bloom Figure 8.2 - Mesh netting filled with organic barle/
observed in Anglesey eutrophic straw, although not used in FCW experiment, more

lake available at large scale
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Figure 8.3 -Phragmitesaustralis  Figure 8.4 - Addition of the
seedlings added to the FCW system to the eutrophic lake

system
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Figure 8.5 - Final settled position of the
FCW. New  Phragmites  shoots
beginning to grow from the FCW

Installation of CWs as part of the NRW project vexperimental to some degree; however
these systems also needed be functional. Nutmehictions were observed in all of the CWs
and all 3 of the systems, irrespective of scalingthondology, were deemed successful.
Further improvements in pollutant removal capaatiyuld have been achieved with

modification to the designs of the CWs used onféims, however, as the Llyn and Anglesey
sites are conservation sites first and foremodgneas between quality fen habitat and CW
area protecting the fen’s plant communities mustcbesidered. The Cae Gwyn system
reached an average removal of approximately 75%ataitlf increased available space were
accessible for CW use this figure could be greatigreased near to the background
concentration value (C*). Using the same parametsrsutlined in Chapter 4, a 32bm

increase in wetland area could increase nitrogerval to the C* value.

Full scale treatment wetlands installed on the Asgy site proved the concept was viable on
a large scale with the inclusion of a CW systenthim flow path from enriched springs to
conservation site. However, mechanistic analysi€aimobility could not be suitably tested

on a field-scale project due to the control andlicapon needed when studying these
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processes using mesocosms and controlling envinotaindéactors allowed for a more
systematic approach. Further examination of meshamiwas achieved bw-vitro root
exudate testing. The approach taken in Chapter6 and 7 have now prompted the
installation of two replicate cells of a treatmardtland system on Cors Bodeilio NNR. The
proposed systems will comprise two cells createmhtidally in terms of influent chemistry
and loading. A single enriched spring will be deadinto the two cells. Retention time,
depth, width and other scaling parameters willdantical also. The findings from Chapter 7
in particular will be integrated by means of plapecies selection. As a continuation of the
researchPhragmites australindlris pseudacoruswill be used in the respective cells. The
findings from water quality monitoring will then kbnue to influence the installation of

future CWs in the project.

8.4 Improvements to Analytical Methods and Potérdditional Research

8.4.1 Floating Constructed Wetlands

When considering the investigations as undertaké@hiapters 2 and 3, it became clear that a
hydroponic style treatment maybe have been benkfidfihese systems are detailed in
Headley et al (2006) and this method may have @dted the effect of macrophyte
installation alone. Two methods of control testsemgsed in Chapter 3, however, additional
hydroponic systems may have produced a more coenpieture of the mechanisms involved
in algal bloom mitigation thus determining the tisda inputs of anti algal DOC compounds

versus nutrient removal mechanisms facilitated lapts.

The experiments undertaken in Chapter 3 were sigdnjeto two nutrient regimes, namely
eutrophic and mesotrophic. These levels were deifab observing differences in treatment
potential, at high resolution, over limited nutti@oncentration ranges. The values generated
by varying trophic state were useful, however, &ynmecome important to test total treatment
potential to understand if there is a maximum pgalti loading rate at which the FCW can
continue to influence the presence of algal bloossmethod by which this could be
undertaken may utilise a regular nutrient dosingtesy in order to maintain high levels of
nutrient rather than pulse feed. This method mag allow for the development of pollutant
rate constants that could be used as a parameteECiy¥ specific P-k-C* computations. It is
highly likely that the presence of roots and theafon flow distribution would also need to
be considered in order to produce suitable P vatoesompensate for hydraulic short
circuiting within systems. This could be undertakey using tracer tests on FCWs.
Distribution of FCWs and system surface area tauwa@ ratios would also need to be

included in the research.
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Similar to the testing of anti-algal effect of argc substrate types examined in Chapter 2,
root exudate anti-algal effect would be useful etedmining total effects on algal bloom
formation. Herdn vitro experiments may provide more information spediicoot exudates
produced and confirm any differences in speciesiBpexudate production as observed in
chapter 7 across a greater range of plant spelbies potential methods may be appropriate
here. The first method proposed is the collectibrexudate and subsequent balancing of
DOC and phenolic concentrations by dilution. Orfee éxudates had been manipulated, the
solutions could be added to eutrophic mesocosmsadgal bloom formation monitored.
Secondly the addition of root exudate directly tair@form algal bloom culture would

determine algaecidal effect.

8.4.2 Natural Resources Wales Llyn and Angleses IRrnject

The systems installed on the Anglesey sites haga beonitored for 14 months where 243kg
of elemental N were removed. This monitoring musitmue in order to determine medium
and long term performance and aid in system senyisthedules. Further assessment of the
CWs should really be undertaken in order to asgdsahlic flow uniformity. This was not
undertaken within this thesis due to the sensytigitthe fen receiving the CW water. NRW
did not want to introduce tracers into a site wheotonisation by the target species was
occurring. However, tracer testing may be utilisedfuture and achieved by means of
chemical addition to the inflow of the CW in a dmgulse (Kadlec & Wallace 2008).
Regular monitoring of the outflow concentrations tbé observed tracer would confirm
nominal hydraulic retention time and volumetrici@éncy values can be derived. This was
not done due to constraints on releasing chemictighe SSSI sites that are supplied by the
CWs.
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Figure 8.6 —Tracer response in HRT monitoring (Cui e&l. 2012)
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The figure above indicates the concentration afera&aompounds as they reach the outflow
of the CW in question. Good hydraulic efficiencysisown by the highly resolved peak due

to the short time from the first detection of thecer to final.

Hydraulic efficiency in the Cae Gwyn system sholbdda particular focus due to the design
of the inflow structures. Here, it is speculatedtttihe distribution channel along the leading
edge of the treatment system bay might be insefiity deep in order to allow for efficient
use of the constructed wetland area. Tracer testimthe system may provide information
regarding designed HRT versus actual HRT, quantifyhe dead space within the system.

The CWs used on Anglesey have been proven to b&dsyably beneficial. NRW will be

continue to monitor the systems but also will utalex detailed vegetation monitoring. The
inclusion of additional CWs around the marginsha sites is highly likely based on nutrient
sequestration alone; however this may be furth@peted by evidence of desirable

vegetation community re-establishment in the lorigem.

The evidence presented in this thesis shows tlssiymawetlands systems, restricted by area,
improve water quality supplied to conservationssiteoth for the prevention of ecologically
harmful algal blooms and the maintenance of caldai@mendant, oligotrophic supply waters.
The hybridised FCW systems offer a method by whiah release of algaecidal phenolics
combined with hydroponic macrophytes significantdguced the potential for algal bloom

formation.

174



Bibliography

Ahn, C. & Mitsch, W.J., 2002. Scaling considerati@i mesocosm wetlands in simulating
large created freshwater marshesological Engineeringl8, pp.327-342.

Amann, R. & Kuhl, M., 1998. In situ methods for @ssment of microorganisms and their
activities.Current opinion in microbiologyl, pp.352—-358.

Armstrong, W., 1980. Aeration in Higher Plamslvances in Botanical Researdh pp.225—
332.

Barnes, R.B. et al., 1945. Engineering ChemistrgiRAnalytical Procedure. , (11).

Beamish, D. & Farr, G., 2013. Airborne Geophysic&mundwater-dependant Wetlands.
Quarterly Journal of Engineering Geology and Hydeotpgy 46, pp.53—62.

Brennan, R.J. & Schiestl, R.H., 1998. Chlorofornd aarbon tetrachloride induce
intrachromosomal recombination and oxidative fiestigals in Saccharomyces
cerevisiaeMutation Research/Fundamental and Molecular Mechiasi of
Mutagenesis397(2), pp.271-278.

Brix, H., 1993. Wastewater treatment in construetetlands: system design, removal
processes and treatment performanc€dnstructed Wetlands for Water Quality
Improvementpp. 9-22.

Brix, H. & Arias, C. a., 2005. The use of vertifiaw constructed wetlands for on-site
treatment of domestic wastewater: New Danish gindslEcological Engineering
25(5), pp.491-500.

Carmichael, W.W., 2001. Health Effects of Toxin-fwoing Cyanobacteria: “The
CyanoHABs.”Human and Ecological Risk Assessment: An Internatidournal 7,
pp.1393-1407.

Carpenter, S.R., 1996. Microcosm experiments havieed relevance for community and
ecosystem ecolog¥cology 77, pp.677-680.

CEH, 2004. Centre for Ecology and Hydrology, Stoodwnformation sheetCentre for
aquatic plant management

Chow, A.T., Tanji, K.K. & Gao, S., 2003. Productiohdissolved organic carbon (DOC) and
trihalomethane (THM) precursor from peat sdilater research37(18), pp.4475-85.

Van Cleemput, O. et al., 2006. Denitrification ireWnds Biology of the Nitrogen Cycle:
COST edition359.

Colmer, T.D., 2003. Long-distance transport of gaseplants a perspective on internal
aeration and radial oxygen loss from ro&tant, Cell and Environmen6, pp.17-36.

Cooper, P., 2009. What can we learn from old wed&r_essons that have been learned and
some that may have been forgotten over the page@® .Desalination 246(1), pp.11-
26.

Costerton, J.W. et al., 1995. Microbial biofilrdsnual review of microbiology9, pp.711—
745.

175



Cotruvo, J.A., 1981. Trihalomethanes (THMSs) in #ingy water.Environmental Science &
Technology15(3), pp.268-274.

Cui, L. et al., 2012. Identification and modellitige HRT distribution in subsurface
constructed wetlandournal of Environmental Monitorind 4, p.3037.

Dickinson, C.H., 1983. Microorganisms In Peatlarifisosytems of the Worlds,
Mire:Swamp, Bog, Fen and MadBeneral Studieda, pp.225-246.

Dodds, W.K., Jones, J.R. & Welch, E.B., 1998. Sstggkclassification of stream trophic
state: Distributions of temperate stream typeshdgrophyll, total nitrogen, and
phosphorusWater ResearctB82, pp.1455-1462.

Dudgeon, D. et al., 2006. Freshwater biodiversiyportance, threats, status and
conservation challengeBiological Reviews81(2), pp.163-182.

Elkington, T. et al., 200INational Vegetation Classification: Field guidertores and
heaths

Farr, G. et al., 2013. Wetlands and the Water FvaorieDirective: Key challenges for
achieving good chemical status at the Angleseyl.iyrdFens SACs.

Fewtrell, L., 2004. Drinking-water nitrate, methegtabinemia, and global burden of disease:
A discussionEnvironmental Health Perspectivekl2, pp.1371-1374.

Fletcher, J.S. & Hegde, R.S., 1995. Pergamon.4)3fp.3009-3016.

Freeman, C. et al., 2004. Export of dissolved agearbon from peatlands under elevated
carbon dioxide levelNature 430(6996), pp.195—-198.

Freeman, C., Ostle, N. & Kang, H., 2001. An enzyttatch” on a global carbon store.
Nature 409(6817), p.149.

Gallard, H. & Von Gunten, U., 2002. Chlorinationratural organic matter: Kinetics of
chlorination and of THM formationVater Researc86, pp.65-74.

Gilman, K. & Newson, M.D., 1982. The Anglesey Watla Study.

Golterman, H.L. & Clymo, R.S., 197Methods for Chemical Analysis of Fresh Waters. IBP
Handbook No. 8 Blackwell Scientific.

Grant, B.R. & Turner, .M., 1969. Light-stimulatedrate and nitrite assimilation in several
species of alga€omparative Biochemistry and Physiolo@9, pp.995-1004.

Greenway, M., 2005. The role of constructed wetandsecondary effluent treatment and
water reuse in subtropical and arid AustraliaEtological Engineeringpp. 501-509.

De Haan, H. & De Boer, T., 1987. Applicability agtt absorbance and fluorescence as
measures of concentration and molecular size ebtlisd organic carbon in humic Lake
TjeukemeerWater Researc1, pp.731-734.

Hancock, F.D., 1973. Algal ecology of a streamygelll through gold mining on the
WitwatersrandHydrobiologia 43, pp.189-229.

176



Harvey, D., 2012Analytical Chemistry 2.0 Chapter 5, Standardisingaktical Methods.

Headley, T.R., Tanner, C.C. & Council, A.R., 20B8@plication of Floating Wetlands for
Enhanced Stormwater Treatme#t Review. , (November).

Hedin, R.S., Nairn, R.W., Kleinmann, R.L.P., 19P4ssive treatment of coalmine drainage.
US Bureau of Mines Information Circular IC-9389.

Van Hees, P.A.W., Andersson, A.M.T. & LundstromSL).1996. Separation of organic low
molecular weight aluminium complexes in soil sautby liquid chromatography.
Chemosphere33, pp.1951-1966.

Heffernan, J.B. & Fisher, S.G., 2012. Plant-microtieractions and nitrogen dynamics
during wetland establishment in a desert streBiogeochemistryl07, pp.379-391.

Helms, J.R. et al., 2008. Absorption spectral $oged slope ratios as indicators of molecular
weight, source, and photobleaching of chromophaigsolved organic matter.
Limnology and Oceanograph$3(3), pp.955-969.

Herath, G., 1997. Freshwater Algal Blooms and T@eintrol: Comparison of thelournal
of Environmental Managemergl, pp.217-227.

Higgins, J. et al., 2011. The Design and Operatifom Very Large Vertical Sub-Surface
Flow Engineered Wetland to Treat Spent De-icingddand Glycol-Contaminated
Stormwater at Buffalo Niagara International Airpditater Practice and Technology
6(3).

Holman, I.P. et al., 2008. Phosphorus in groundiafa overlooked contributor to
eutrophication™ydrological Processe22(26), pp.5121-5127.

Hunt, P. & Poach, M.E., 2001. State of the artafioimal wastewater treatment in constructed
wetlands Wetland Systems for Water Pollution Contést(11), pp.19-25.

Jackson, M.B. & Armstrong, W., 1999. Formation ar@énchyma and the Processes of Plant
Ventilation in Relation to Soil Flooding and Submgpence Plant Biology 1(3), pp.274—
287.

Jespersen, A.M. & Christoffersen, K., 1987. Measwaets of chlorophyll-a from
phytoplankton using ethanol as extraction solvanthiv fir Hydrobiologie 109,
pp.445-454.

Jobgen, A., Palm, A. & Melkonian, M., 2004. Phospisoremoval from eutrophic lakes
using periphyton on submerged artificial substridiadrobiologig 528, pp.123-142.

Johnson, D.B. & Hallberg, K.B., 2005. Acid mine idiege remediation options: a review.
The Science of the total environme388(1-2), pp.3—-14.

Joint Nature Conservation Committee, 2008. UK Bredsity Action Plan Priority Habitat
Descriptions, Eutrophic Standing WatddK Biodiversity Action Plan; Priority Habitat
Descriptions

Jones, R.G. and Lunt, O.R., 1967. The functiona@ti@m in plantsThe Botanical Review
(33), pp.4:407-426.

177



Jost, B. et al., 1991. Restoration of eutrophieisS¥yakesEuropean Water Pollution
Control, 1, pp.31-41.

Kadlec, R.H. & Wallace, S., 2008reatment Wetlands, Second Edition

Kickuth, R., 1977. Degradation and incorporatiomofrients from rural waste waters by
plant rhizosphere under limnic conditiot#ilization of manure by land spreading.
Modena (Italy).

Knowles, R., 1982. DenitrificatiomMicobiology and Molecular Biology Reviews(1).

Koretsky, C.M. & Miller, D., 2008. Seasonal influsnof the needle rush Juncus roemarianus
on saltmarsh pore water geochemisigstuaries and Coast81, pp.70-84.

Krasner, S.W. et al., 2006. Occurrence of a nevegion of disinfection byproducts.
Environmental Science and Technolod®, pp.7175-7185.

Kurzbaum, E. et al., 2010. Efficiency of phenoldegradation by planktonic Pseudomonas
pseudoalcaligenes (a constructed wetland isolatepwt and gravel biofilmater
research 44(17), pp.5021-31.

Larue, C. et al., 2010. Depollution potential akth macrophytes: exudated, wall-bound and
intracellular peroxidase activities plus intrackllyphenol concentrationBioresource
technology 101(20), pp.7951-7.

Lin, Y.-F. et al., 2002. Effects of macrophytes @&xtiernal carbon sources on nitrate removal
from groundwater in constructed wetlanBsvironmental pollution (Barking, Essex
1987) 119(3), pp.413-20.

Manny, B. a., Johnson, W.C. & Wetzel, R.G., 199dtrént additions by waterfowl to lakes
and reservoirs: predicting their effects on protlitytand water qualityHydrobiologia
279-280(1), pp.121-132.

Markandya, A., 2010. Water Quality issues in Depalg Countries. IlDevelopmentpp.
163-168. Available at: http://opus.bath.ac.uk/9846/

Mason, C.F. et al., 2003. Policy Analysis Enviromta¢ Costs of Freshwater Eutrophication
in England and Wales. , pp.201-208.

Mayes, W.M., Aumonier, J. & Jarvis, a P., 2009&liRrinary evaluation of a constructed
wetland for treating extremely alkaline (pH 12)edtelag drainage/Vater science and
technology a journal of the International Association on WaPollution Research
59(11), pp.2253-63.

Mayes, W.M., Aumonier, J. & Jarvis, a P., 2009kelirinary evaluation of a constructed
wetland for treating extremely alkaline (pH 12)edtelag drainage/Vater science and
technology a journal of the International Association on WaPollution Research
59(11), pp.2253-63.

McDowell R.W. & Wilcock, R.J., 2008. Environmentaipacts of Pasture-based Farming.
National institute for Water and Atmospheric Resbar

178



Miller, W.L., 1999. An overview of aquatic photochistry as it relates to microbial
production.Microbial Biosystems: New frontiers. Proceedingshaf 8th International
Symposium on Microbial Ecologyp.1317-1324.

Mitsch, W.J. & Gosselink, J.G., 2000etlands Available at:
http://books.google.com/books?id=rvPpllplL28C&pdis=

Nakai, S., Inoue, Y. & Hosomi, M., 2001. TECHNICAIOTE ALGAL GROWTH
INHIBITION EFFECTS AND INDUCEMENT MODES BY PLANT-PRDUCING
PHENOLS. , 35(7), pp.1855-1859.

Narkis, N., Rebhun, M., & & Sheindorf, C.H., 19 Tenitrification at various carbon to
nitrogen ratiosWater Researchl3(1), pp.93-98.

Natural England, 2011. Team, C. E. Catchment Seadtarming ECSFDI Phase 1 & 2 Full
Evaluation Report

Nielsen, S.M., 2013. Sludge dewatering and mingxtibn in reed bed systems. In
Constructed Wetlands in Water Pollution ControloBeedings International
Conference on the Use of Constructed Wetlands teMPollution Control, London,
UK.

NITRABAR FIELD REPORT, 2009. Remediation of agriwuhl diffuse NITRAte polluted
waters through the implementation of a permealaetiree BARTrier.

Nurnberg, G.K., 1996. Trophic State of Clear andb€al, Soft- and Hardwater Lakes with
Special Consideration of Nutrients, Anoxia, Phyamiiton and FishH.ake and
Reservoir Management2, pp.432—-447.

Odum, W.E., 1988. Comparative Ecology of Tidal Rweater and Salt Marshe&nnual
Review of Ecology and Systematit8, pp.147-176.

Oh, J. & Silverstein, J., 1999. Oxygen inhibitidnactivated sludge denitrificatiohVater
Research33, pp.1925-1937.

Oliver, B.G., Thurman, E.M. & Malcolm, R.L., 198Bhe contribution of humic substances
to the acidity of colored natural wate@eochimica et Cosmochimica Act&,
pp.2031-2035.

Paerl, H.W. et al., 2001. Harmful freshwater algabms, with an emphasis on
cyanobacterialheScientificWorldJournall, pp.76—113. Available at:
http://www.ncbi.nim.nih.gov/pubmed/12805693 [AcassdMay 28, 2014].

Park, M.H. et al., 2006. Growth inhibition of bloeflwsrming cyanobacterium Microcystis
aeruginosa by rice straw extrakcetters in Applied Microbiology3(3), pp.307-312.

Peacock, M. et al., 2013. Quantifying dissolvedaorg carbon concentrations in upland
catchments using phenolic proxy measuremdoistnal of Hydrology477, pp.251—
260.

Petrovic, M., Kastelan-Macan, M. & Horvat, A.J.M999. Interactive sorption of metal ions
and humic acids onto mineral particl&gater, Air, and Soil Pollutionl11, pp.41-56.

179



Pillinger, J.M., Cooper, J.A. & Ridge, I., 1994.|Rof phenolic compounds in the antialgal
activity of barley strawJournal of Chemical Ecology0, pp.1557-1569.

Pind, a., Freeman, C. & Lock, M. a., 1994. Enzydegradation of phenolic materials in
peatlands — measurement of phenol oxidase actRiant and Soil 159(2), pp.227—
231.

Poe, A.C. et al., 2003. Denitrification in a consted wetland receiving agricultural runoff.
Wetlands23(4), pp.817-826.

Pretty, J.N. et al., 2003. Environmental costgesliwater eutrophication in England and
Wales.Environmental Science and Technolpgy(2), pp.201-208.

Prochaska, C.A. & Zouboulis, A.l.,, 2006. Removaphbsphates by pilot vertical-flow
constructed wetlands using a mixture of sand amhohaite as substrat&cological
Engineering 26, pp.293-303.

De Ruiter, J., 2005. Principles of Drug Action, Baxylic Acids Part 1.
http://www.auburn.edu/~deruija/pdal_acidsl.pdf asesl 03/01/2014

Sasser, C.E. et al., 1996. Vegetation, substratdparology in floating marshes in the
Mississippi river delta plain wetlands, US¥egetatio 122, pp.129-142.

Schindler, D.W., 1998. Whole-Ecosystem ExperimeReplication Versus Realism: The
Need for Ecosystem-Scale Experimefisosystemsl, pp.323—-334.

Schippers, P., Lurling, M. & Scheffer, M., 2004citease of atmospheric CO2 promotes
phytoplankton productivityEcology Letters7, pp.446—-451.

Schlesinger, W.H., 1997. Biogeochemistry: an ansigtglobal change -- 2nd elcademic
Press, San Dieggpp.139-143.

Seidel, K., 1953. Pflanzungen swischen GewasseatrLand.Mitteilungen Max-Planck
Gesselschaft

Seitzinger, S.P., 1991. The effect of pH on theasé¢ of phosphorus from Potomac estuary
sediments: Implications for blue-green algal blooEsuarine, Coastal and Shelf
Science33, pp.409-418.

Shapleigh, J., 2013. Shapleigh Labs Research akilegs.Department of Microbiology,
Cornell University

Shen, X. et al., 1998. An inositol phosphate asleiwmn absorption enhancer in rats. ,
2863(98), pp.298-301.

Shutes, R.B. et al., 1999. The design of vegetaiwvstructed wetlands for the treatment of
highway runoff.The Science of the total environmez85(1-3), pp.189-97.

Smith, M. & Kalin, M., 2000. Floating wetland veggon covers for suspended solids
removal. InQuebec 2000 Conference Proceedings 143-148.

Smith, V.H., Tilman, G.D. & Nekola, J.C., 1999. Eaghication: impacts of excess nutrient
inputs on freshwater , marine and terrestrial estesys Environmental Pollution100.

180



Sorrell, B.K. et al., 2000. Ecophysiology of wetligplant roots: a modelling comparison of
aeration in relation to species distributiémnals of Botany86(3), pp.675—-685.

Sprent, 1.J., 198FEcology of the Nitrogen Cygl€ambridge Studies in Ecology.

Strobel, B.W. et al., 2001. Composition and reaigtiof DOC in forest floor soil solutions in
relation to tree species and soil type. , pp.1-26.

Terada, A. et al., 2007. Redox-Stratification Coltd Biofilm ( ReSCoBi ) for Completely
Autotrophic Nitrogen RemovalThe Effect of Co- versus Counter-Diffusion on Blea
Performance. , 97(1).

Traina, S.J., Novak, J. & Smeck, N.E., 1990. Arrdiiiolet Absorbance Method of
Estimating the Percent Aromatic Carbon Contentwinit Acids.Journal of
Environment Quality19, p.151.

UKTAG, 2012. Technical report on groundwater demenderrestrial ecosystem (GWDTE)
threshold values.

Vasconcelos, M.T.S.D. & Leal, M.F.C., 2008. Exudaté different marine algae promote
growth and mediate trace metal binding in Phaegtlanttricornutum Marine
environmental resear¢l66(5), pp.499-507.

Vitousek, P.M. et al., 1997. Human Domination oftBa s EcosystemsScience277,
pp.494—-499.

Vymazal, J., 2008. Constructed Wetlands for WastewEreatment A Review. , pp.965—
980.

Vymazal, J., 2005. Removal of enteric bacteriaonstructed treatment wetlands with
emergent macrophytes: a reviel@urnal of environmental science and health. Part A
Toxic/hazardous substances & environmental enginge40(6-7), pp.1355-1367.

Vymazal, J., 2007. Removal of nutrients in varityses of constructed wetlandcience of
the Total EnvironmenB80(1-3), pp.48—65.

Walker, T.S. et al., 2003. Root exudation and rkirere biologyPlant physiology132,
pp.44-51.

Weis, J.S. & Weis, P., 2004. Metal uptake, transpod release by wetland plants:
implications for phytoremediation and restoratiBnvironment internationa30(5),
pp.685-700.

Weishaar, J.L. et al., 2003. Evaluation of speaiftcaviolet absorbance as an indicator of the
chemical composition and reactivity of dissolvedaoric carbonEnvironmental science
& technology 37(20), pp.4702-8.

Welch, I.M. et al., 1990. Barley straw as an intabbf algal growth | studies in the
Chesterfield Canal. , pp.231-239.

West, M., 2010. Species Specific Nutrient Remondtloating Constructed Wetlands for
Algal Bloom PreventionUnpublished

181



Westergaard Strobel, B., Bernhoft, I. & Borgga®d., 1999. Low-molecular-weight
aliphatic carboxylic acids in soil solutions undferent vegetations determined by
capillary zone electrophoresRlant and Soil212, pp.115-121.

Wetzel, R.G., 1992. Gradient-dominated ecosystesasirces and regulatory functions of
dissolved organic matter in freshwater ecosystdgurobiologig 229, pp.181-198.

Wetzel, R.G., 2001imnology: Lake and River EcosysteMéiley.

Wheeler, B.D., Shaw, S. & Tanner, K., 2009. A wedldramework for impact assessment at
statutory sites in England and WalEswvironment Agency Science report: SC030232.

White, R. A., Freeman, C. & Kang, H., 2011. Plaatided phenolic compounds impair the
remediation of acid mine drainage using treatmeattamds Ecological Engineering
37(2), pp.172-175.

Wiessner, A. & Kuschk, P., 2006. Influence of hélgies on redox reactions in their
rhizospherePhytoremediation .. pp.69-82.

Willard, H.H., Merritt, L.L. Jr., Dean, J.A., SadtlF.A.J., 1988nstumental Methods of
Analysis (Chemistry$eventh Ed., Wadsworth Publishing Co Inc; 7th Bediedition
edition (2 Feb 1988).

Willoughby, 1976 Freshwater BiologyFreshwater Biological Association.

Wingfield, G.I. et al., 1985. Microbial immobilizan of phosphorus as a potential means of
reducing phosphorus pollution of watBulletin of Environmental Contamination and
Toxicology 34, pp.587-596.

Yang, X. et al., 2008a. Mechanisms and assessr&rdter eutrophicationlournal of
Zhejiang University. Science, B(3), pp.197-209.

Yang, X. et al., 2008b. Mechanisms and assessmevdter eutrophicationlournal of
Zhejiang University. Science, B(3), pp.197-209.

Ye, Z.H. et al., 2001. Removal and distributionroh, manganese, cobalt, and nickel within
a Pennsylvania constructed wetland treating caalbestion by-product leachate.
Journal of Environmental QualifyB80(4), pp.1464-1473.

Zhai, X. et al., 2013. Can root exudates from emetrgvetland plants fuel denitrification in
subsurface flow constructed wetland systefsdlogical Engineering6l, pp.555-563.

Zhu, M. et al., 2013. Influence of algal bloom d&dation on nutrient release at the sediment-

water interface in Lake Taihu, ChirtBnvironmental Science and Pollution Research
20, pp.1803-1811.

182



183



