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1. INTRODUCTION

Wastewater derived from domestic or industrial sesircan contain a diverse range
of dissolved and suspended chemical and/or bicdbgmntaminants (e.g. nutrients,
heavy metals, pharmaceuticals, pathogens) andreaem a serious risk to human

health or ecosystems if not disposed of appropyiékéetcalf and Eddy 2004).

Such effluent if disposed of without appropriatatment can cause illness to those
who have primary or secondary contact with it. ireffort to protect human health,
treated and untreated wastewaters from coastasaitorldwide have traditionally
been disposed of via ocean and river outfalls. Haf@ately, an unintended side
effect of such disposal methods has been the dutaon (sometimes termed
cultural eutrophication) of these receiving watamg ecosystems (Nixon 1995,

1998) in addition to contamination of recreatioaatl groundwater resources.

In Australia as elsewhere such disposal methods begn shown to contribute to
the intensity of some toxic algal blooms in recegvivaters (Davis and Koop 2000).
Similarly there is strong evidence that disposaledted wastewater and untreated
storm-water from the city of Adelaide to the adjastoenastal environments may have

contributed to large declines in sea-grass covérignarea (Fox et al. 2007).

Various methods of wastewater treatment (Chaptar€gmployed to remove
nutrients, pathogens, heavy metals, persistenhargallutants; with the treatment
type determined by factors such as effectivenest,(tand, initial and maintenance)

disposal and re-use options and community and govent expectation.



An effective and commonly used method for treatbinganic or domestic
wastewaters is to detain the effluent stream igdand shallow lined ponds or
impoundments for a period of time. Such ponds yally termed ‘waste
stabilisation ponds’ (WSP) or ‘waste stabilisatiagoons’ or simply ‘ponds’ or
‘lagoons’. Ponds actively mixed using paddlewheetstypically termed ‘high rate
algal ponds’ (HRAP) or ‘high rate oxidation pon@dROP). Semantics and basic
differences aside, such systems provide a conta&neidonment that allows
naturally occurring algae and photosynthetic b&tergrow profusely in response
to light from the sun. The abundant oxygen produmethis photosynthetic activity
in a nutrient rich medium provides heterotrophictbaa with an ideal environment
in which to flourish and oxidise organic and inarganutrients. Such conditions can
also result in dramatic declines in the concerdratf viral and bacterial pathogens
(Fallowfield et al. 1996, Bolton et al. 2010). fided that conditions in a pond
remain aerobic (an excess of dissolved oxygenamithter) the pond will be largely
odour free due to the rapid oxidation ofSHand other odour forming compounds by
dissolved oxygen. The removal of planktonic biom@égal, bacterial, fungal
matter) via settlement, filtration or both can prod an effluent (after chlorination)

of sufficient quality for crop irrigation or oth@on-potable uses (Chapter 2).

Whilst the systems described above are relativetple from a construction and
engineering perspective, the ecology of such sysiemot. Design principles have
traditionally relied on ‘rules of thumb’ based aird won experience of what works
and doesn't in the field to determine functionah@aepths, waste loading rates and

retention times (Chapter 2).



A lesson from history may show how wastewater tnegit plants (WWTP)

operators and the community might benefit from ioyements in the scientific
understanding of ecological processes at workgaldlased treatment systems. The
Bolivar treatment system Adelaide, Australia wasstaoucted during the mid-sixties
in response to increased population size and ukineemoved the need for the
disposal of screened raw sewage into the Port Rnéithe Gulf St Vincent. The
details of the system itself, including primary a&tondary bio-filter components

are described in Chapter 2.

Treatment failure was experienced at the Bolivastexgater treatment lagoon during
later part of the 1997 (Sheil 2000); organic cohtdrihe waste stabilisation pond
influent was increased purposefully due to a madagduction in the capacity of the
primary treatment system until the pond ‘mode’ @ethfrom aerobic to anaerobic,
resulting in serious odour problems for the ertitg of Adelaide. Prior to this
incident the plant had operated to the satisfaaiidche community for a period of
over thirty years. It can be argued that this egggorovides a useful case study
where the wastewater treatment system, designad Wsie of thumb’ based
approach with a large margin for error, was ‘opsied’ for the purposes of

efficiency (cost saving) without understanding to@sequences of these changes on
algal productivity and oxygen production. The suifdus odour that arose from the
lagoons was ultimately suppressed when sufficisstolived oxygen from algal

photosynthesis was available in the ponds for diadaof sulphides.

Photosynthesis drives treatment processes affdrgdéeterotrophic bacteria and

ensures maintenance of aerobic conditions withimdpa great deal of research has



therefore been undertaken over the decades ta betlerstand the factors that
determine the oxygen dynamics, productivity andagppof algal/bacterial
assemblages present in these systems. Such rebaaralso been undertaken in the

area of algal biomass productionSpirulina sp for example.

The research presented in this thesis was undertaitle the goal of characterising
relations between irradiance, algal oxygen dynamanckproductivity. Such factors
are basic to the cycling of energy in algal-basedtewater treatment systems as
well as natural aquatic ecosystems. It is hopettkieafindings of this research may

contribute towards a greater understanding of thagecology of these systems.



2. ALGAL BASED WASTEWATER
TREATMENT SYSTEMS

2.1. Introduction

Wastewater is a term commonly used, but infreqyetdfined in common language
used in the media and non-scientific press. Irsthentific press it is often defined in
very specific terms of relevance for a specific teadream; e.g. Werner et al. 2010.
When defined for the purposes regulation by heddfartments or other relevant
authority, the following type of definition is cadsred useful as it is general:

‘The used-water arising from domestic activitieslwellings, institutions or
commercial facilities consisting of all wastewatgrey-water or black-water or as
approved by the relevant authoritf’uke Seidel, SA Health: personal
communication). Wastewater derived from domestimdustrial sources can
contain a diverse range of dissolved and suspectieaical and/or biological
contaminants (e.g. nutrients, heavy metals, phagataals, pathogens) and can
present a serious risk to human health or ecosygsifemot disposed of appropriately.
Contaminants of concern to public health from tgp@omestic wastewater include
nutrients and pathogens such as viruses and mac$erch effluent if disposed of
without appropriate treatment can cause illnesstapeimary or secondary
contact/use with the untreated effluent or watetaminated by effluent

contaminants; SA Government (1966), Gloyna (197disbh et al. (1984).

2.2. Wastewater Treatment and Disposal

A number of approaches are available for the treatraf wastewater including
physical, chemical and biological or combinatiohalb(Metcalf and Eddy 2003). In

Australia as elsewhere inappropriate disposal nusthave been shown to contribute



to the intensity of some toxic algal blooms in a@gusystems receiving the
wastewater (Davis and Koop 2006); impacts upon grynproduction within natural
ecosystems can be significant and have importgplications for ecosystem
functioning (Staehr et al. 2008, Conley et al. 20@3gal based wastewater
treatment systems (including high-rate algal pdirtiRAP) and waste stabilisation
ponds (WSPs)) are typically large shallow impoundiseised to detain nutrient rich
wastewater. The propensity for algae and bactergmdw in nutrient rich water is
utilized to advantage within algal/bacterial wastésv systems (ABWWTS). These
ponds therefore provide a contained environmenthich dissolved organic and
inorganic nutrients can be assimilated by bactanal algal organisms (Chapter 3)
prior to release of a lesmrmful effluent wastewater to receiving enviromtse
Defined conditions of depth and retention time amxing can be used to manage
changes in wastewater strength or modify treatrgeals (Oswald 2003). Both WSP
and the HRAP systems are simple, cost effectiient@ogies for reducing nutrient
and contaminant concentrations in sewage and industistewaters (e.g. Oswald
1995, Oron et al 1979, Fallowfield and Garret 198dlowfield et al. 2001, Smith et
al. 2004, Godos et al. 2009) and provided thai@afft land is available can be far
more cost effective than high energy input systeath as the activated sludge
process. However, the form of treatment system ougst be carefully considered
based on numerous factors such as wastewater camoposnd cost, capital cost,
operational cost, maintenance cost, and performgdtudon and Walmsley 2005; in
Pond Treatment Technology, p8).

HRAP systems are efficient actively mixed systend @an sustain very high areal
biomass concentrations (Oswald 1995) thus reddaimdjrequirements for treatment

plant infrastructure. Active mixing, typically byagdlewheel, allows flocculent



particles to form in suspension; these so calledsf are generally comprised of
algal/bacterial/zooplankton biomass and detritus§AZOD) (Soeder (1984),
Cromar and Fallowfield (1992)). This is in contrastWSP algal biomass which
tends to be rather dispersed (consistency of ggeep); active mixing in HRAP
systems maintains these flocs in suspension aflddtes cycling of photosynthetic
biomass through the underwater light field (Pea@®b; in Pond Treatment
Technology, p34 2005). WSP are, in biological terex¢remely complex systems
that still require a great deal of research intorobiological processes to provide
engineers with tools for improving WSP design (Bear2005; in Pond Treatment
Technology, p40).

WSPs are a widespread and commonly used techndtmggxample at the time of
writing there were 40 WSPs in South Australia usetieat human sewage (Farror
pers.com. 2010); with thousands more being useditjtr the developed and
developing world (Shilton and Walmsley 2005; Pomdaftment Technology, pl)
At the time of writing, the strategic infrastruatyplan for South Australia regional
overview (SA Government 2006) encouraged propaiedsted at reusing high-
volume industrial sources of wastewater, e.g. MuBadge abattoir, for ‘higher
value uses’ e.g. production of common-vetch askseed (Farror pers. com. 2010);
such projects, if properly designed and regulagbduld provide a long term,
profitable and safe means of reducing nutrientilogadn the lower reaches of the
River Murray and thereby improve water use efficiefor the benefit of both the

Murray River ecosystem and the communities thaeddpn it.



2.3. Bolivar WWTP and Wastewater Reuse
in South Australia

Until recently the WSP system at Bolivar, Plate, 2vas the major nutrient reduction
stage of treatment provided to sewage from thennegstern suburbs of Adelaide
prior to effluent disposal at sea. The originalige€onsisted of primary screening
of the raw sewage followed by grit removal and tdieg stage prior to partial
nitrification and BOD removal through a seriesragkling filters (Hodgson et al.
1966, Herdianto, 2003, Sweeney 2004, Short 201i)kling filter effluent was then
divided between two, in series trains, each compigiree separate WSPs of
nominal average depth 3'6” (1.065m) and a totah afeapproximately 850 acres
(344 ha) (SA Government 1966) with a detention tim#he lagoons of
approximately 32 days. The design included theci#pto treat wastewater derived
from the equivalent of 1.3 million people, withdatement optimised with respect to
re-use of effluent from the WSPs for agricultutadrticultural and aesthetic purposes
(SA Government 1966) with first flows being recalgy the system in June 1966.
Prior to this time, a large proportion of sewagd ardustrial effluent from port
Adelaide and the North of Adelaide was pumpedreatment at the Port Adelaide
sewage farm prior to disposal into the Port RifAapulation increases following the
end of WWII resulted in significant overloadingtbfs system during the 1950s
resulting in substantial quantities of trade-wastd sewage entering the Port River
estuary with no or little treatment. After comma@sng, the Bolivar treatment
system operated in its original configuration unoplgrade of the secondary treatment
system from bio-filters to activated sludge in 2008e authors of the report of the
committee of enquiry into the utilisation of effhitefrom Bolivar sewage treatment

works (SA Government 1966) provided extremely detbinformation regarding the



potential for re-use of the treated wastewater ftibensystem. This included
assessments of likely pathogen and virus remotes @nd content), soil types and
potential suitability of the water for irrigatiodgesign effluent nutrient concentration
based on a population of 1.3 million people anditedy returns from farming and
horticulture upon recycling the wastewater.
The authors concluded with the following statement;

“Whatever the future holds, the committee doeshedieve that this

valuable water can be thrown away by the driesteSta the driest

Continent of the world. The profitable reclamat@amd re-use of this

water is therefore the challenge which will faceutBoAustralia’s

engineers, scientists and administrators in tharkit (Hodgson et al

1966, p44, para.2).
During the late 1990s the pre-treatment plant umdet a major upgrade to the
activated sludge process (Sweeney et al. 2005arsyeet al. 2005b); since this
time there has been renewed recognition in the aamitynof the potential benefits
of wastewater reuse; no doubt due to the severerwnegtrictions imposed during the
recent drought. A significant portion of this wagéter with some additional
treatment (filtration and oxidative disinfectios)recycled for horticultural or non-
potable domestic purposes. In Adelaide, at the afmeriting, some 30% of
wastewater from domestic sewage treatment processesecycled for the watering
of parks and gardens (SA Government 2009), witlemagcycling levels in South
Australia far in excess of those reported inteest&euse is expected to increase
substantially in the future; i.e. planning is unaay for the installation of dual
reticulation systems in a southern suburbs housavglopment of 8000 homes.

Such developments may reflect community acceptahtiee reuse of wastewater.
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Plate 2-1 Satellite image of Bolivar waste stabilizationlagoon system; circa 2007.

As discussed above, wastewater containing pathpgamardous compounds or
elements requires sufficient treatment to removeeduce the levels of these
contaminants prior to re-use. As such, the consempseof treatment failure (or non-
treatment) followed by reuse or release may béafgignt in terms of public health
(Dorsch et al. 1984, Morris 1999) or ecosystem fioning (Westphalen et al. 2005).
Whilst rule based approaches to design and managexhthese treatment systems
has proven very effective in many instances; examate to be found in the

literature where limitations in knowledge with respto system ecology, design,
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functioning and requirements for preventative nmexiahce can lead to inappropriate

management practices and treatment failure (SBeDR

2.4. Biological Processes in Ponds

Oxygenic photosynthesis by microalgae is currelndjyeved to provide at least 80%
of dissolved oxygen in WSP systems (Pearson 2008pnd Treatment Technology,
p18 2005) with the balance provided by atmosphreraeration (Gloyna 1971).
Phytoplankton require carbon dioxide for photosgsth and this is released in large
quantities to the water column by respiration st fgrowing heterotrophic bacteria
that oxidise organic material for synthesis of Wall material and energy for growth.
As such the relationship between algae and hetgtair bacteria in these and other
remediation systems has been considered to bedaatly mutualistic, a form of
symbiosis (Oswald et al. 1953, Borde et al. 200 d2r et al. 2007) although this
has yet to be experimentally confirmed in the fiéldjure 2.2 shows a depiction of
the proposed mutualistic relationship and the ailyeccepted functional links
between the algal and bacterial components of ¢inel piomass (Oswald et al.
1953). Upon inspection of this figure the readey mate that an emphasis is placed
on the link between solar energy input and algak@ynthesis; this reflects the
critical importance of this relationship to the manance of aerobic conditions
within these systems and also the relatively immeastate of understanding with
respect to factors that mediate this relationshifneése systems. In addition, aerobic
conditions, if allowed to prevail in a pond, ortire surface layer of a pond, can
prevent or limit generation of odours from sulplsideleased from anaerobic or
anoxic portions of the pond (Gloyna 1971) due toftst reaction rates of dissolved

oxygen with sulphides. The biological processesinany within WSP systems are
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of course considerably more complex than depictdelgure 2.1. These include the
cycling of nutrients due to grazing of algae andtéaa by zooplankton, populations
of which can be substantial (Short 2010). Aerolmickac/anaerobic nutrient
conversion processes and exchanges with the sedj@@margo Valero and Mara
2007, Yamamoto et al 2010); are processes thabeatrongly influenced by
stratification and wind induced mixing (Menesegale2005, Sweeney et al. 2007)
and have importance in the effectiveness of pathogeoval (Shilton and Harrison
2003, Munoz and Guieysse 2006, Bolton et al. 2010).

For an extensive and thorough review of the ecobdditerature relating to WSP
operation and function the reader is referred te&wy (2004), Yamamoto (2007)
and in particular Short (2010). For the purposedsrefity, and to avoid duplication
of the highly thorough review of Short (2010), tpirtion of the literature review
(Chapter 2) focuses particularly on light and staist(carbon) availability to algae,

in addition to the influence of physical mediat(gsch as mixing).

Organic Dissolved Excess
Waste Oxygen \ / Algae
Bacterial Algal
Oxidation Photosynthesis
Excess CO; + H,O + NH," Solar
Bacteria Chlorophyli Energy

Figure 2-1 The Cycle of Oxygen and Algal Production as a function of Bacterial
Oxidation of organic waste; Adapted from Oswald et al. (1955).
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2.5. Photosynthesis in Algal Based Wastewater
Treatment Systems

The net reaction summarizing photosynthesis, intpland algae, as the production
of carbohydrate and evolution of molecular oxygsmdy-product is shown in

Equation 2.1 (modified from Falkowski and Raven 208801).

COyq + H:Oq + =8 Photons (400 to 700 nm) OO0 -

(CH20) + H20¢) + Oy Eg. 2.1

With reference to this equation it is noteworthgtthn general, photosynthetic
bacteria, with the exceptions of cyanobacteriaeghlorophyta, do not evolve
oxygen as a by-product and are capable of photoegist only under anaerobic
conditions, and in addition rely on light capturipigments other than chlorophyll_a
(Falkowski and Raven 2007), such phytoplanktomateconsidered further in the
following discussion.

Light within the wavelength band 400-700 nm is tedhphotosynthetically active
radiation (PAR); S| derived units that can be useguantify radiant flux/rh(®) are
the ‘watt’ or equivalently Joules/s (NIST 2010). Ampirical relationship (Eq 2.2)
relates wavelength of light, energy and quanta@is)is to specific radiant intensity

(Morel and Smith 1974, Kirk 1994).

quanta/s = 5.03 ® A x 10 (Kirk 1995) Eq. 2.2

When integrated across the wavelength band maseaontphotosynthesis
(nominally 400 — 700nm) the familiar quantity of PAR with units of
pmolquanta/m2/second can be derived; more corredthyrespect to the above

derivation the term ‘photon flux density’ (PFD) ch@ used. However both terms

! Introduces an error of approximately 5% due toation spectra of photosynthesis being within the
band of 350-700nm (Raven and Falkowski 2007, p341).
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(PAR and PFD) are in common usage within the plyotibesis literature and are
often used interchangeably.

The absorption of energy of photons for syntheksadbohydrates by algae (and
most other plants) is mediated by the photosyrthmtjments such as chlorophwl
b and c; the energy of the absorbed photons (P&Ramnsferred through the
‘antenna complex’ by an electron transport chaia geries of oxidation/reduction
reactions. Attenuation of light within the wateldwon is a key factor that influences
the spectral quality and PFD of light availablette photosynthetic pigments
contained in the algal cell (Kirk 1994). The reduds generated in this reaction are
used to assimilate inorganic carbon and to maimtegtabolic activity of the algal
cell (Falkowski and Raven 2007, p 118). The enztimaé ultimately catalyses the
chemical reaction depicted in Equation 2.1 is wkall,5,-bis-phosphate
carboxylase/oxygenase (RuBisCO). This enzyme csdalthe fixation of carbon at
an extremely slow rate in comparison to most olireicatalysts (Gerritsen 2003); as
such it is required in large quantities in the hfggolant cell and may constitute,
dependant on algal species or growth condition% &0the soluble protein in a cell.
As such it has been speculated that it is the almstdant protein on earth (Ellis
1979, Gerritsen 2003, Feller et al. 2008); the emzys characterised by its
extremely large size, slow reaction rates anceitisiéncy to react with oxygen. As
such it has also been described as a “fat lazy igguous enzyme” (pers. com.
Professor. S. Tyerman 1995) and “the plant kingdostoth” (Gerritsen 2003). An
additional benefit to algae from the presence otdréa may be the removal of
excess oxygen from the growth medium by bacteespiration; some studies have
indicated that high oxygen partial pressures mhbipihthe activity of RuBisCO in

algal cells (Mouget 1995, Danger et al. 2007b) mwag result in a phenomenon
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known as ‘photorespiration’. That is, the lossigéél carbon resulting from the
oxygenase activity of the RuBisCO enzyme which rests as a light-dependent
consumption of oxygen and reduction in photosymthefticiency (in terms of

carbon fixation); typically these effects in algadture are considered to be small
except at extremely high DO concentration (Ravehlarkum 2007). Nevertheless,
within highly productive systems such as WSPs aRAPs, extremely high DO
partial pressures are commonplace during the pkatmpand may therefore be a
potentially significant factor in controlling algptoductivity during these periods
although it appears this has yet to be shown irfi¢heé The potential for

productivity losses due to photorespiration isdaadd to have driven the evolution of
morphological and biochemical process in terresBiglants; adaptations that
facilitate the concentration of G@vithin the chloroplast (Raven and Beardall 2006).
Carbon concentrating mechanisms are very commalgae and may have evolved
these features as adaptations to the oxygenaséyaofiRuBisCO (Giordano et al
2005).

The equation depicting standard mitochondrial rasjein of the organic carbon
produced during photosynthesis in order to proeidergy (ATP) for processes such
as algal cell maintenance, growth and divisiorhmmn in Equation 2.2 (modified

from Falkowski and Raven 2007, p301).

(CHzo) + Og(g) + HZO([) gooooo - COz(g) + 2H20([) Eq. 2.2

The same basic stoichiometry can be used to degsiptration in heterotrophic
bacteria (Metcalf and Eddy 2003) where stored daybates are oxidised to release

energy for cell maintanence and growth.
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Ultimately, primary producers such as autotroplg@aa provide organisms at the
lower trophic levels with energy they require foogesses such as growth and
reproduction (Lindeman 1942). In addition the wastggen derived from algal
photosynthesis is ultimately used by aerobic b&ctbat have evolved to exploit the
resources available within aerobic waters and sewlisn With reference to algal and
bacterial based wastewater treatment systems, iadratteria and other aerobic
organisms exploit the nutrient rich wastewater,oeennutrients via sedimentation or
nutrient conversion, and do so at significantlyh@greaction rates and with reduced
odour emissions than anaerobic bacteria. Desptéitih inorganic and organic
nutrient loading (compared to natural systems siscmany lakes, rivers and oceans)
in wastewaters, algae can provide the majorityhefdxygen required to maintain a
pond in an aerobic state (Oswald 2003) despitditiie concentrations of
heterotrophic bacteria. In fact the mass of bazfeer unit volume of pond supported
by the activity of the algae can be significanttgajer than the biomass of algae

(Cromar 1996).

2.6. Dissolved Inorganic and Organic Carbon

Inorganic carbon (carbon dioxide) as shown in BEquat.1 and 2.2 is the substrate
required by RuBisCO (Giordano et al. 2005) andwhste product produced by
respiration. However, in the aquatic medium théacarultimately fixed by cell
biochemistry in the Calvin cycle is more correatharacterized by the carbon store

(CS) equilibrium shown in Equation 2.3 (Modifiedfn Mukherjee et al. 2002).

COz) + H20( 5 H2COsaq) 5 H'ag) + HCO3'ay S H(ag) + CO5”aq) Eq.2.3

This equilibrium is, as suggested by the presehbgdrogen ions on the products

side of the equation, pH dependent. Algae havevedolarious mechanisms for
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concentrating carbon across the cell membranerdadhe cell that include both
passive and/or active transport of bicarbonat&s@y (Giordano et al. 2005,
Falkowski and Raven 2007). As algae remove Gbicarbonate from the aquatic
medium, be it a wastewater or culture medium, thelérium shown in Eq. 2.3 will
shift away from products and toward reactants, r@ngphydrogen ions from
solution and increasing the pH of the cultures lvorth noting that the carbonate ion
(COs%) is a low efficiency carbon source for photosystagBeardall et al. 1998)
and that characteristically, algal cultures tenthtwease the pH of the culture
medium during photosynthesis unless it is well &xg@l. Therefore the degree of pH
shift due to algal carbon uptake during photosysitheinder given conditions, will
reflect the degree of buffering afforded by the teaster or the culture medium.
Typically, domestic wastewater is alkaline duehte presence of chemical species
such as hydroxides, carbonates (as specified i2 Byj.phosphates, borates and
silicates in electrochemical balance with ions saglealcium, magnesium,
potassium, sodium and ammonia, all derived fromekiio, industrial or natural
sources (Metcalf and Eddy 2003). Importantly, ttgeguilibrium as shown in Eq.
2.3 and to lesser extent (based on concentratmnponents such as phosphates,
borates and silicates and ammonium can act adfer Isytem. As such, the
wastewater acts as a chemical system that terrdsigts changes to pH.
Nevertheless biological processes such as nittibicalentrification and particularly

photosynthesis can and often do radically altedpHng the day.

The pH level (and alkalinity) has therefore beeaduis the development of some
models of phytoplankton productivity, nutrient asatbon budgets (e.g. Mukherjee
et al. 2002, Mukherjee et al. 2007, Mukherjee e2@08). A cyclic pattern of pH

(and by inference DIC speciation) change is comgohkerved in algal ponds but it
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appears that in the field (‘in-vivo’) the relatiraportance to photosynthesis from
changes in CS equilibrium and/or pH are yet tolbarty elucidated in the literature.
For example Beran and Kargi (2005) constructed themaatical model of WSP
productivity where DIC concentrations were consdeto be sufficient for
photosynthesis at all times; whereas the influeriqeH upon algal activity was
considered inhibitory at high levels and describgd/onod type kinetics: the
authors suggested that high pH is due to remov@®fat high rates of
photosynthesis. Conversely a model described iroKdop et al. (2000) assumed
that the rate of photosynthesis, at optimal ligiemnsity and temperature, was
determined by the C{roncentration in the WSP water column; impacttdivpas
included as a parameter and it was assumed bythera that algae are able to grow
only within a specific optimal range. Surprisinglgither of the authors explicitly
raised the issue of the inhibitory activity of frammonia (or free sulphide) to
photosynthesis (Abeliovich and Azov 1976, Azov &aldman 1982, Veenstra et al
1995), such relationships are pH dependant andtehgal importance in most WSP

systems.

Klug (2005) points to a study of Cole et al. (20@Mo showed that some lakes
displaying high levels of dissolved organic maf{i@®M) may also be
supersaturated with dissolved inorganic carbon J[@i@l can remain supersaturated
even during periods of high algal growth. A sigrafint portion of this pool of
inorganic carbon is considered likely to be thedoict of bacterial respiration

(Moran and Hodson 1990, Karlsson et al. 2008) d¢salderived from

photochemical oxidation (Vahatalo et al. 2003) ladcthonous DOM. Recent
studies of oligo and mesotrophic water bodies m@i¢hat the result of this bacterial

respiration can be a net contribution of 4@the atmosphere despite the presence of
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actively growing autotrophic phytoplankton (Duaated Prairie 2008). Recent
research by Short (2010) confirmed that DIC caa beiting nutrient for
photosynthesis and lead to algal cell death irddr& (in vitro), however despite this
finding the author stated that this result waskahii to have application in-vivo (in
WSPs) due to the low concentrations of DIC requicehhibit algal growth (<0.2 —
0.3 mg/L). As simplistically depicted in Figure 2@hytoplankton; the primary
producers at the base of the trophic food webirapeinciple complemented by the
activity of heterotrophic bacteria (decomposer$le Tombined activity of
phytoplankton and heterotrophic bacteria has besoribed as the basis of aquatic
ecosystems (Loreau 2001, Danger et al 2007a). @otlps of organisms appear to
benefit from the presence of the other; for exanbpleteria may provide an
inorganic carbon source that is potentially depletering periods of high
photosynthetic activity (Klug 2005), while convediallochthonous DOM sources
containing Gilvin and other coloured dissolved miganatter (thus potentially
improving light penetration) and release nutrienttuding N, P and C into solution.
It is noteworthy that the bioavailability of DOMo(bacterial oxidation) may differ
based on its source, for example, Moran and Ho@s@®0) showed that DOM
extracted from a lake was more available to baxthat DOM extracted from a
black-water marsh. In aerobic algal-based wasteviieatment systems the
solubilisation of BOD/DOM by heterotrophic bacteperforms a wastewater
treatment function while generating DIC for algabfo oxygen production. With
respect to the Bolivar WSP system, Sweeney eP@05b) showed that the
installation of activated sludge (AS) treatmenthef Bolivar wastewater as pre-
treatment for the WSP in February 2005 resulteal %% decrease in average

loading of total biochemical oxygen demand (Bg)xnd a 94% reduction in
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average loading of soluble biochemical oxygen deh&®D;,) to the ponds. It
should be noted that whilst average BOD loadingbédBolivar WSP such as those
quoted above can be calculated the volume of eftlfrem the AS system
wastewater treatment processes is subject to medjulaal variations due to the

daily pattern of sewage effluent production by ¢benmunity (Sweeney 2004).

An investigation of the effluent DOC from seven gf&stems (Amai et al. 2005),
with similar BOD,, to that displayed by Bolivar AS effluent, showébdtta
significant concentration of BOD was ‘recalcitrabiOC (2.6 — 31.6 mg/L), with the
majority of this recalcitrant DOC composed of ongaarcids. In a complementary
study Katsoyiannis and Samara (2007) showed thabapnately 40% of the DOC
present in the raw influent to a conventional treatt plant (of similar configuration
to the Bolivar AS system) was present in the efftuee. a significant portion was

not readily biodegradable in the AS system.

2.7. Productivity in Algal Pond Systems

Algal ponds provide a contained environment in \Wwhi@ste organic matter can be
chemically altered by ‘beneficial’ (in a utilitanasense) biological reactions; these
reactions are able to occur prior to release ofwthstewater to natural ecosystems
and/or prior to re-use.

Algal productivity in pond systems is fundamentdiitgited by the efficiency with
which incident light energy can be converted irternical energy (Kirk 1994);
therefore for a given non-nutrient limited algas@sblage system and at a given
temperature, photosynthetic rate is strongly drivehight availability, i.e. factors
such as the intensity of sunlight incident on tbagsurface, water depth and water

transparency (Kirk 2003, Davies-Colley et al. 20RBynolds 2006, Pearson 2005;

20



in Pond Treatment Technology (Shilton, A. Ed. pZEalkowski and Raven 2007
p3). With reference to Equation 2.1, gross phottsagis (GP) can be defined as the
light dependent rate of electron transport to mieal electron acceptor, e.g. g@n
the absence of respiratory losses (Kirk 94, ReyaD6, Falkowski and Raven
2007). The captured carbon may be respired, incatpd into the structure of the
algal cell e.g. protein, or be excreted (or difjusem the cell as DOC (Reynolds
2006, Falkowski and Raven 2007). It is notewortithie context of this discussion
that gross photosynthesis is also directly propoei to oxygen evolution. As a
consequence, measurements of oxygen evolutiongigena temperature, algal
concentration and at a series of light intensitidsgn corrected for oxygen loss due
to respiration (R), can provide a measure of ‘fettpsynthesis’ (Pnet) which is
directly proportional to net organic carbon prodorctHarris 1984, Kirk 1994,
Reynolds 2006, Falkowski and Raven 2007). On tagsban equation relating net to
gross photosynthesis and respiratory oxygen lassede represented as Equation

2.3 (adapted from Falkowski and Raven 2007).

Pnet (mgO2/L/unit time) = GP (light) — R (dark) Equation 2.3
This approach has been widely used since the tireenmerson and Green (1934)
Examples of research in the literature based anigthodology are too numerous to
list, however some representative examples are Mgrat al 1938, Myers and
Cramer 1948, Odum 1956, Talling 1956, Falkowskill,98eale and Marra 1985,

Bender et al. 1987, Aalderink and Jovin 1997, angb@r et al. 2007.

Quotients of Production

The stoichiometry of photosynthesis, for the prdutuncof carbohydrate, as

summarised in Equation 2.1, can be expressed asmb produced per moles of
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CO, assimilated by the cell; this ratio is termed ‘Pteotosynthetic quotient’ (PQ)
(Emmerson and Green 1934, Manning et al. 1938,e8a4940, Odum 1956, Harris
1984, Kirk 1994, Falkowski and Raven 2007), 1.0rflequation 2.1. Similarly, the
directly complementary parameter, ‘respiratory ¢grit (RQ) can be expressed as
the number of C@produced per moles of;@onsumed, upon complete oxidation of
carbohydrate in this case, and therefore 1.0 fpiration; Equation 2.2. The PQ and
RQ quotients are termed assimilation numbers (Rythd Yentsch 1957, Falkowski

1981, Platt and Gallegos 1980, Cullen 1990, Kir4)9

Deviations froma priori stoichiometric related PQ and RQ values can peovid
valuable insights into the causes of photosynthegilcl variation and the energetic
efficiency of algal growth (Reynolds 2006). In peutar, comparison of
stoichiometric PQ and RQ values from both culturé feeld studies have provided a
means of understanding how differing costs foriragpn, synthesis and the
corresponding photosynthetic efficiency as deteeahiby photosynthetic rate depend
on substrate type (Emmerson and Green 1934, Odég Falkowski 1981, Neale
and Marra 1985, Bender et al. 1987, Laws 1991, iamd Kromkamp 2003,
Eriksen et al. 2007, Jakob et al. 2007, Hancké @088).

An important caveat that must be placed upon iné¢agion of measurements of net
primary production in natural ecosystems is therdoution to respiratory losses by
heterotrophs (Li and Maestrini 1993; secondartioitafrom Falkowski and Raven
2007). Measurements of net algal productivity ixexdi cultures (autotrophic algal
and non-autotrophic organisms) are more uncertan measurements of gross
photosynthesis (Falkowski and Raven 2007); wherasomements of gross
photosynthesis can rely specifically upon measunésnaf oxygen production per

unit algal biomass (chlorophyll_a). Cromar and éwfleld (1992) in a seminal
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paper used PercBlsucrose density gradients to establish the rel@dntribution of
algal and bacterial biomass to productivity withilRAP and showed that on
average algal biomass within these highly prodecsiystems contributed only 40%
of the dry matter (suspended solids) biomass. phoagductivity measurements
derived from dry matter are considered likely t@@stimate productivity;
consequently algal productivity measurements gredyly normalised to
chlorophyll_a as a proxy for algal biomass indegenaf bacterial biomass;
nevertheless the error introduced by the respmaifi;mon-algal biomass upon
estimates of ‘algal’ respiration used subsequédntlyerive estimates of net
photosynthesis must be noted. Unfortunately thed¥&rdensity gradient method is
technically challenging and therefore requireshration against other more
straightforward measures for widespread applicanhdreld studies that require
equally accurate estimates of net algal produgtivit

On the basis of the above and with reference toliservation that the surface of the
earth (in mid latitudes) receives an average of\®849° (240 J/nfi/second), (1104
umolquanta/m2/sec) an upper limit in terms of peithity in a 12 hour diurnal

cycle in algal ponds can be calculated for photti®agis (Grobbelaar 2010). That is:

Productivity = %Photosynthetic Efficiency x [3.97g(dw)/m?/day] Equation 2.4

i.e. 5.7gC/MYday for high rate algal ponds based on 40% algaisnas C (Cromar
and Fallowfield 1992)X 14 gdw/m2/day). Photosynthetic efficiencies in the
literature were reported by Grobbelaar (2010) taeafrom 0.1-8% for total
irradiance (0.05 — 3.5% PAR; Morel 1991). The abcaieulation is based on the
theoretical maximum value of 8% (3.5% PAR); anotseample is provided by a

HRAP system treating abattoir wastewater (Falloldfet al. 2001) where a
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maximum productivity of 38 gdw/nf/day was observed; implying an efficiency of
= 4% PAR, when corrected for the 40% algal biomas#of discussed above.
Grobbelaar (2010) has reported substantially higheductivity measurements in
HRAP systems and attributed this to the enhangd/tlark cycle that occurs in
these systems. In laboratory based bioreactorsdefihed light/dark cycles
Grobbelaar (1989), Grobbelaar et al. (1996) haweed productivities of close to
an order of magnitude higher and attributed theniagion to the advantages of
active mixing. Mechanistic explanations for thegéetences include reduced
potential for photo-inhibition in non-stratified {(xed) HRAP systems and improved
light climate due to cycling of the algal culturéhin the photic zone (Ratchford and
Fallowfield 2003).

Rates of productivity in WSPs (unmixed) are theref@ported to be lower than
those of HRAPSs; it is however noteworthy that tker&ture reporting algal
productivity in field experiments of WSPs is gerigraparse (Weatherall 2001,
Mashauri and Kayombo 2001, Kayombo et al 2002, Baral Kargi 2005,
Bonachella et al 2007, Fyfe et al 2007, Weath@@l7, Bernal et al 2008).
However, recent direct comparisons of a HRAP systethWSP used to treat
domestic wastewater in rural South Australia hdvens that productivity may be
enhanced by up to 2 orders of magnitude in the HRysem (Fallowfield pers.

com. 2011).

Mixing and Productivity

Mixing may modulate photosynthetic rates in systeitl high productivity and
attenuation of light such as WSPs and HRAPs. Hygirathic transport processes
determine how phytoplankton, suspended heterotcapigianisms and nutrients are

distributed within a pond system and thereforeetktent of light penetration and
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cycling within the algal pond (Sweeney 2004, Zhean@2007). HRAP systems
being subject to active mixing are less prone thnsentation or short-circuiting (El
Ouarghi et al 2000, Pearson 2005). WSP systemsasuBblivar have been shown
to be prone to frequent stratification during thensner period (Sweeney 2004); this
layering of the water column may play a role in ma@ining phytoplankton within
undesirable zones of the light gradient, whilsha&ciixing in HRAP systems allows
the circulation of phytoplankton through the ligiadient. WSP systems are subject
to passive mixing from wind, influent flow and theeakdown of thermal
stratification gradients. They are therefore ldssly to be stable and/or predictable
in comparison to well mixed unstratified systemwé8ney 2004, Beran and Kargi
2005, Pearson 2005).

The elucidation of hydraulic flow patterns withirRIAP systems and WSPs in
particular provides a means of better characteyigatterns of change in availability
of potentially limiting resources, whether theyligit or nutrient (nitrogen,
phosphorus or trace element) or substrate (caifadr@urghi et al. 2000, Weatherall

2001, Sweeney 2004, Shilton 2005, Zhen-Gang 2007).

Measuring Productivity

As discussed above the measurement of productivigrge natural or field based
systems is a challenging enterprise. A commonly @ggroach developed by early
pioneers in the field is the use of transparergglattles containing algal material
that are subject to differing nutrient conditiondight intensity, temperature, pH and
so on. The application of this methodology or migdiions of it (Hobson and
Fallowfield 2003) in the field has provided extesmsinsights into algal
ecophysiology (Harris 1984, Kirk 1994, Reynolds @0Bearson 2005, Falkowski
and Raven 2007). Nevertheless ‘bottle effectswalt recognized in the literature as
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problematic due to the potential for non-repres@eregcompared to open culture)
conditions to prevail (Emerson and Greene 1934 r8&mn Nielsen 1952, Odum
1956, Eppley 1980, Falkowski and Raven 2007). iEhizelieved to include the
impact of stirring on gas exchange within a cuviiteexample as used for
measurement of oxygen production in response kd ligensity; specifically the
diffusion of gasses such as oxygen from algal el carbon dioxide to algal cells
is enhanced at higher levels of turbulence (Geatter Osborne 1992). These
difficulties using direct methods (e.g. bottle ibations) have for a long period
encouraged researchers to attempt to perfect neasuat techniques using online
high resolution data (typically semi-continuous) éstimating oxygenic productivity
(e.g. Odum 1956, Kelly et al. 1974, Fisher and €atgr 1976, Edwards et al. 1978,
Marshall 1981, Thyssen and Kelly 1985, Markager Sadd-Jensen 1989, Fee 1990,
Portielje et al. 1996, Aalderink and Jovin 1997hlifeger et al. 2000, Evans et al.
2003, Lopez-Arcilla et al. 2004, Ciavatta et al08Dand to determine its
relationship to incident light intensity and otlparameters such as BOD loading
(Kelly et al. 1974). The method of Dubinksy et(4987) for measuring
photosynthetic rates in controlled conditions okimg and defined light field using
an oxygen electrode has provided an essentialiglatd method with which to
compare photosynthesis under highly controlled gt (Ratchford and
Fallowfield 1992, Hobson and Fallowfield 2005, Relgs 2006, Patterson and
Curtis 2007, Falkowski and Raven 2007, Sukenik.62G09, Halsey et al 2010).
However due to the requirement for a laboratongrtavide controlled conditions to
successfully use this methodology the use of ghg@ach in the field is typically
limited to oceanic productivity measurements witsinip-board laboratories

(Falkowski and Raven 2007). This has stimulatetbsusd efforts to obtain practical
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methods for in-situ measurement of photosynthetie (Kirk 1994). This has
included measurement of light curves using flucgese of algal cultures-situ
(Genty et al. 1989, Horton et al. 1994, Govindj863, Kromkamp and Forster
2003, Falkowski and Raven 2007, Krustopf and F3006, Raven and Beardall
2006). The work of Odum (1956) established thedateshmethodology for in-situ
measurements of photosynthesis in rivers (Standattiods 1994); this
methodology when applied using modern dissolvedyjerymonitoring systems may
allow precise and accurate estimates of photosgigte systems such as HRAPs
(Portielje et al 1996, Fallowfield et al 2001, Esaat al 2003) and WSPs (Kayombo
et al 2003).

The following portion of the literature review asses relevant literature relating
studies of algal photosynthesis to wastewaterrreat and algal biomass production
and reveals challenges that still exist for scgatattempting to understand the
dynamics of photosynthesis in highly productive aralogically complex artificial
and natural systems and provides context for tpe@xental work reported in later

chapters.
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3. MEASURES OF PHOTOSYNTHESIS
3.1. Introduction

Algal ponds have been used extensively for mangdiex throughout the world to
treat domestic sewage (Oswald et al. 1953) and@aeasing number of industrial
wastes (Oswald 2003). There is however an ongasegl for improved
understandings of the ecological processes ocguwithin these artificial algal
ponds. This need can be justified from a largeiljtatian perspective; where
identification and possibly manipulation of systawntrol’ parameters can provide
information for improved operation, performancelesign functions; some pertinent
examples are provided in Oswald et al. (1953, 195&)yna (1971), Dugan et al.
(1972), Benemann et al. (1977), Buhr and Miller83) Berner et al. (1986), Hartig
et al. (1988), Fallowfield et al. (1992), Cromaraét(1996), Mihalyfalvy et al.
(1998), Lee (1999), Grobbelaar (2000), El Ouarglal.e(2000), Cromar and
Fallowfield (2003), Ratchford and Fallowfield (2Q00$weeney et al. (2005b), Evans
et al. (2005), Sweeney et al. (2005), Fyfe et28l07), Perner-Nochta and Posten
(2007), Short et al. (2007), Sweeney et al. (208ilya-Aciares and Riquelme
(2008), Yamamoto et al. (2010).

At a more fundamental level, an improved understandf the phytoecology of
these systems can provide the informational basitheé development of models
used to assess understanding and functioning bfdytificial and natural aquatic
ecosystems; some pertinent examples are providécherson and Green (1934),
Smith (1936), Manning et al. (1938a and b), EmeesmhLewis (1942), French and
Rabideau (1945), Myers and Cramer et al. (1948)oHd Blinks (1950), Arnold
and Oppenheimer (1949), Talling (1956 and 1957)a&$ et al. (1965), Gavis and

Ferguson (1975), Kroon et al. 1989, Kroon and Dgkn(1996), Simon et al (1998),
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Huisman et al. (2002), Evans et al. 2003, Kroon Hmoims (2006), Mukherjee et al.
2007, Grobbelaar (2007), Weatherall et al. (20C0ates and Mondon (2009),
Robson and Mitchel (2010).

This chapter summarises relevant literature redadindies of algal photosynthesis,
wastewater treatment and algal biomass productidireveals challenges that exist
for scientists attempting to understand the dynamf@hotosynthesis in highly

productive and biologically complex artificial andtural systems.

3.2. Complexity in ecological systems and models of
algal photosynthesis

An enormous literature is devoted to model theowy the specific techniques and
approaches used for developing and assessing fomrmaghematical or symbolic
representation) and informal (conceptual) modélks;following discussion is
therefore, for the purposes of brevity and releeafacussed specifically on issues
surrounding the use of models as representatiossi@ftific knowledge with

respect to patterns and process in studies of plgabsynthesis. The reader desiring
deep insights into the development and use andsmigimodels in science and
engineering more generally is referred to texthsasthe Stanford Encyclopaedia of

Philosophy (2009http://stanford.library.usyd.edu.au/entries/mods®nce)

Whether such models are empirical and developezkpgrimentation or developed
from first principles as is sometimes the casehysprs, such formulations can be
used to conduct numerical experiments, developlieshypotheses or attempt to

forecast the behaviour of the modelled system (Stoal. 2009).

The mass of oxygen produced per unit time fromladgatosynthesis is a key

parameter used for determining the ‘capacity’ oflyal-based wastewater treatment
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process (Chapter 2), i.e. sufficient oxygen mugpieeluced by phytoplankton to
meet respiratory requirements of an aerobic hetgwbic biomass in order to
stabilise the nutrient load applied to the pondthi@addition of wastewater (Oswald
2003, Davies-Colley et al. 2005). With referencé® stoichiometric equation of
photosynthesis shown in Equation 2.1 (Chapter 8)the definition of gross
photosynthesis, it is apparent that changes irsgrhetosynthesis are directly
proportional to oxygen evolution. The complementtoichiometry of Equation 2.2
(Chapter 2) for respiration shows that oxygen ssa@do directly proportional to
carbohydrate (fixed carbon) oxidised. As discussedhapter 2, it follows that
measurements of oxygen evolution per unit alganiss, conducted at a series of
light intensities and corrected for oxygen loss ttualgal respiration, can provide a
measure of ‘net photosynthesis’. Figure 3.1 showesad the first detailed
assessments of this type as carried out by EmmarsbGreen (1934). These
authors used bottles to incubate the algal matatialseries of increasing light
intensities at constant temperature in the laboyateith rate of increase in dissolved
oxygen production showing the characteristic Mitisaldenten type enzyme
kinetics that relate reaction rate to the concéiotmaof the substrate (light in this

case).
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ROBERT EMERSON AND LOWELL GREEN 829
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Rate q photosynthesis
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25 50 75

Light intensity

. . Rate of Gigarling photosynthesis as a function of light intensity. The
unit of intensity is arbitrary, Temperature = 15°C. Rate of photosynthesis is
in mm.? Og per 15 minutes per cm. ® of material,

TABLE 11
Photosynihesis al Different Light Inlensities. Detailed Dala for Fig. 3
Area of algal material in cach vessel = 2.1 em.? Material suspended in ordi-
nary sea water in equilibrium with air. Light from six 60 watt lamps close
together, & cm. below vessels.
Temperature = 15.0°C,

Relative £y, volume :{:l_'f::::h
intensity Valume of Valume of Veuel Ak change of af sxyEen o [
fuid, includ- preasure in i sarreciion jof
tmgu psapace | ot ] mrﬂf" 18 min. ﬁmkﬁ. o respiration,
of flter) ak K, 15 min,
(=9 [ L L mm.! .
10 4.16 7.15 0.41 11.1 4.6 5.6
25 4,13 7.15 0.41 336 14 15
50 5.26 8.15 0.52 7.6 20 21
75 5.08 8.15 0.51 47.2 24 25
100 5.33 #.15 0. 53 48 .9 26 27

Figure 3-1. Reproduction of figure from the paper of Emmerson and Green 1934,
showing the oxygen production rate of the alga Gigartina as a function of light
intensity.

As discussed in Chapter 2 the bottle incubation@ggh (with suitable
modifications) has and continues to provide usefidrmation relating rates of
photosynthesis to irradiance in natural systemseNkeless techniques such as the
standard photosynthesis/irradiance (PI) apparaatsatlow measurements of
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photosynthesis to be undertaken using an oxygetretke (Dubinsky et al 1987,
Ratchford Fallowfield 1992) have provided researshéth the means of conducting
such experiments at high resolution within a welfirmed light field. Such
measurements are technically challenging in tHd {(M/eatherell 2001) and the need
for robust field systems capable of providing aateimeasurements of
photosynthesis has been recognised in the literdiirk 1994, Reynolds 2006,

Falkowski and Raven 2007).

Algal Fluorescence

Other techniques have been trialled extensivetii@field with some success using
measurements of algal chlorophyll fluorescencegponse to changing light; such
techniques appear relatively mature in the studscophysiology of land plants but
may require further validation when applied in aguaystems (Kruskopf and Flynn
2006, Raven and Beardall 2006). Such approacheshvefly trialled in the Bolivar
WSP system but were considered to require subatamtil detailed research for the
purpose of validation in these systems and areideresl a potential focus for future

research.

Oxygen Dynamics in Natural and Laboratory Basedesys

The concept of using measured changes in oxygereatmation in natural systems
in order to reveal changes in primary productiofiawing water bodies was
pioneered by Odum (1956). In simplistic terms sendasurements relied on the
premise that flowing systems could be consideredimoally mixed and allow
comparison of average oxygenic production fromlddgamass during the day in

comparison to night time oxygen use and theoretisamates of re-aeration based
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on stream flow velocity. By measuring parameterhsas oxygen concentration
directlyin-situ the approach allowed, in principle, for measuremengross
photosynthetic rates in natural water bodies tarmertaken without the necessity to
extrapolate from laboratory based studies or frottids to the ecosystem of interest
(Mclintire et al. 1964). These authors developedtuhey termed a lab based
‘photosynthesis/respiration chamber’ that was eiffety an early version of the
standard Pl apparatus and trialled it to determphegosynthetic rates in flowing
‘laboratory streams’.

This enabled the authors to measure the light feldl assess rates of oxygenic
production of benthic biomass as a function ohilination, corrected for
atmospheric oxygen diffusion (re-aeration) andiraipn and to replicate it under
defined physical conditions. The design of a sépgrart of the system was such
that it was effectively a lab-scale high rate algahd, a paddlewheel mixed raceway
system (Chapter 5), operating with a depth of 20gith a non-planktonic algal and
bacterial biomass. Subsequently, chamber studsedda the field have provided an
effective tool for measurement of benthic biomasglpction in natural systems but
the data obtained is subject to ‘enclosure effeatsvith bottle experiments
(Uehlinger et al. 2000). An interesting methoddetermination of re-aeration rate in
a HRAP system was presented by El Ouarghi et 80,20y dissolving a tracer gas
(propane) into the pond the authors were ableltulzde re-aeration transfer
coefficient in-situ in the presence of pollutiordgrhotosynthesis rather than in
potable water. Such an approach enables repeat@slineenents of this parameter as
influent or effluent characteristics change overeti

Relatively recently, high quality dissolved oxygaonitoring units have become

available that are robust and reliable for instalfain field systems (Portielje et al.

33



1996, Kayombo et al. 2000, Uehlinger et al. 200315 et al. 2003). These systems
provide the opportunity to obtain-situ measurement of dissolved oxygen with a
degree of accuracy and frequency that was notlgegsiior to the development of
these systems. Such systems were originally degdltg the measurement of
oxygen tension in blood (Clarke et al. 1953). Gali»O monitoring systems have
been perfected for use in activated sludge wasewatment systems; and have
been effectively applied over periods of yearsysteams treating wastewater of
variable composition, e.g. Fallowfield et al. 20@he of the major challenges facing
researchers in this area of ecology has been tapmtate and compare results from
controlled laboratory studies with those obtairmethe field (Vollenweider 1974,
Harris 1984, Kirk 1994, Evans et al. 2003, Reyn@@86, Raven 2006, Falkowski
and Raven 2007). As such there is a need to groutidor validate laboratory

based techniques for measuring productivity (&g .standard Pl approach) against
robust and straightforward methods more suitabiedatine use in the field without
the need for extensive infrastructure (Kirk 1994ahs et al. 2003). One of the
features of measurements of oxygenic productioal@se in relation to light
intensity, whether obtained in the laboratory usimg Pl apparatus (Dubinsky et al
1987, Garret and Fallowfield 1992) or bottles (Ensoa and Green 1934) or
directly using titration (Odum 1956) or using odidata, (Uehlinger et al. 2000) is
the generally characteristic shape of the phottwgis-irradiance curve. The
relationship between photosynthesis and irraditiasebeen extensively studied, and
in a raw data form is form is shown in Figure 3 Bis plot shows data obtained
from an experiment conducted in a laboratory b&deapparatus of the form of
Dubinsky et al. (1987) and can be considered reptatve of that obtained using

this basic approach.
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Light on

Figure 3-2 . Representativ®| trace showing photosynthetig &volution on the y axis
and time on the x axis at increasing levels ofiiaace (adapted from Dubinsky et
al. 1987).

The initial portion of this plot showing the decsean oxygen concentration during
the dark, prior to illumination of the culture ahaminal light intensity of
10pmolquanta/m2/sec, can be used to calculateraéispi rate. A slow reversal in
rate of decline in DO is observed as light intgnstincreased at each of the nominal
increments shown in the Figure 3.2. The rate ofite@n DO concentration
stabilises at the nominal light intensity of 63pmanta/Misec in this case; this
point on the graph is termed thght compensation point (Kirk 1994) i.e. the

location on the plot where oxygen loses from atgapiration are equalled by
oxygen production from photosynthesis. The ratexyfyen production is observed
to increase as light intensity is increased uhgllight source is turned off.
Following cessation of illumination, production@mfygen from the culture ceases
and a subsequent decline in DO concentration ofuttare is observed. It is
noteworthy that respiration rate following cessaitd illumination is typically

higher than prior to illumination; as a simplificat it is generally assumed however
that respiration is constant during illuminatiordaagual to that observed prior to
illumination (Falkowski and Raven 2007). Nevertlssléhis observation, termed

light enhanced respiration has been attributeddtabolic effects on the
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photosynthetic apparatus during high irradiances(®r 1987, Graham et al, 1995,

Jakob et al 2007, Dhiab et al 2007).

Photoinhibition, Pmax and Alpha

A corresponding, but possibly mutually exclusivieef, photoinhibition (Goldman
1979, Platt et al. 1980, Falkowski 1981, Vincerdlett984, Kroon and Dijkman
1996, Grobbelaar 2000, Hobson and Fallowfield 26Ctchford and Fallowfield
2003, Richmond 2004, Raven and Larkum 2007, Stetedlr2009) is apparent in
standard plots of the PI curve as shown in Figuse Specifically a decline in
photosynthetic rates from Pmax at high irradianees; this is apparent from
inspection of hypothetical Pl curves: a, b and thentwo plots. The initial light
limited rate of photosynthesis (alpha) is also appfrom inspection of the two

plots as the initial increase in photosynthetie y@ior to reaching Pmax.

P (mgO,/unit b a
biomass b

it )
W {/w‘\ c

L mol pholon m—2 s-1

Figure 3-3 . Hypothetical photosynthesis-irradiance plots (adapted from Reynolds
2006); showing rate of oxygenic photosynthesis per unit biomass as a function of
irradiance at three different temperatures (a, b, c). In this case, in both plots, the
sequence a, b, c is one of increasing temperature. In the left-hand plot, dependence
of P upon light at sub-saturating light intensities was constant; in the right-hand plot,
P vs. | varied but Ik (saturating light intensity, arrowed) was relatively constant.
Pmax (maximum rate of oxygen production per unit biomass) for each experimental
treatment was marked with a dash.
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The Pl curve is used to connect or link measurgmgfoplankton biomass (e.g.
chlorophyll_a, suspended solids) to rates of annproduction, in this case when
normalised to rate of change in oxygen concentmaticshould be noted that data
relating carbon-chlorophyll_a ratio in a cell ootmass (Cromar and Fallowfield
2003) is not critical to derivation of photosyntlcetates unless it is desired to derive
specific growth rates of cells (Falkowski and Ra2807, p 336). Interpretation of
variations in Pl curve attributes determined inltimratory has allowed researchers
to assess if some natural algal communities magubgect to depression of
photosynthetic rates at high irradiance; or if au@ protected as a result of self
shading (light attenuation), light-dark cycling dwemixing in flowing systems or
changes in the photosynthetic apparatus; e.g.asecechlorophylla concentration
per cell (Falkowski et al. 1994, Uehlinger et @0Q, Ratchford and Fallowfield
2003). Another example is provided by research tinéoceffects of changes in Pl
curves correlated with stratification and mixinBefrenfeld et al. 1998, Behrenfeld
et al. 2002, Grobbelaar 2007, Kaiblinger et al. Z208uch observations when
conducted in the laboratory may, however, be stilbgesystematic errors resulting
from nutrient depletion in Pl chambers lacking atowious supply of nutrients
(Hornberger et al. 1976) and as such it can becdiffto definitively translate such
results from the laboratory to natural systemskKK®94). As such other
methodologies such as algal fluorescence have dygaied in order to provide an
independent methodology without the same poteltigtiations; such assessments
have shown, for example, depression in photosyiathetivity consistent with
photoinhibition during high irradiance in densetatgs, an effect that may decrease
areal productivities by 30% or more (Grobbelaar7’00mproved mixing of dense

cultures has therefore been consistently propos@dnaeans of improving

37



productivity in algal based wastewater treatmeriiomass production systems
(Ratchford and Fallowfield 2003, Sweeney et al 2@®bbelaar 2010), and may be
of some importance in studies of natural systenoh@fy et al. 2010, Weber and
Deutsch 2010).

It is therefore the case that empirical models sscthe Pl curve can be used to
reveal functional relationships of relevance fodewrstanding the ecology of these
systems. In fact it can be argued that all modefghotosynthesis used in ecology
are ultimately empirically derived (Falkowski and\wn 2007), i.e. rates of reaction
are measured rather than being derivable fromgnistiples. This contrasts with
models used to describe the physics of light trassion, energy budgets and the
fluid dynamics of liquid flow; these can be (inmriple) well defined by the use of
physical constants, e.g. the Stokes equationsiigf lynamics (Sweeney 2004).
The physical aspects of the pond environment caré@sely defined from careful
measurement of flow rate, irradiance, light atteiona temperature and density to
calibrate a physical model of a pond system. Deghits, model outputs, regardless
of formulation, require close scrutiny and analyssslight errors in defining the
state of a system propagate through each iteratipitally resulting, in non-trivial
systems, to increasing deviation between obsemddrendel predicted values over
time (Lorenz 1963, May 1974, Lorenz 1989, Boffettal. 1998). Weather
predictions provide a familiar example, with preitios, typically of greater than 3
days (72 Hours) becoming increasingly error pr@e certain distance, x from the
calibration point, t, (time = 0 at which parametiesgels are set) weather models
become less reliable than predictions simply basethe previous days weather.
The most famous example of this fundamental linatais well known as the

‘Butterfly Effect’ (Mazzocchi 2008).
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Only perhaps in exceptionally simple and deternimsystems will a model provide
consistent correspondence with the observed &atpirical measurements (input
data) therefore provide (in principle) not only theans of ensuring that model
parameters are calibrated to simulate a particaganario (=> output) but because of
the limitations inherent in any particular modeinfwlation, empirical data provides
the means by which the failure or success of a inedesually assessed. This
process is, for the assessment of ecological @ratbmplex systems, generally an
iterative one. Model formulations may range frdma very simple to the complex
but despite this may differ little in efficacy (@sed/predicted) despite the great
intellectual investment in a more complex modelpaAnt ‘failure’ of a model is
however from the perspective of those wishing tdasstand a particular system
(e.g. algal productivity) a ‘window’ that allowsehmodeller to assess the relative
importance of parameters used in a model formuladind thus focus resources on
the measurement of parameters of particular impoetéo understanding the system
or subsystem of interest. This highlights the int@ior and often ignored fact that
models of physical and biological systems are, noften than not, useful for
understanding why our understandings of completeays are incomplete. A
sophisticated understanding of the modelling proeesl the limitations inherent
must therefore be combined with validation data ‘gnound truthing to test the
hypotheses developed. A critical and careful rearthe many limitations inherent
in the model formulations used to describe an dasgebe physical world is perhaps
a necessary trait for the scientist wishing to ust@ad a small portion of the
physical world. The classic ‘3 body problem’ in gigs, is an instructive example;

with the modelled behaviour of these systems iriigahat three or more bodies in
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orbit have the potential to display chaotic staldse example provided by May
(1974) may be instructive in this regard; this anttound that many of the early
‘linear’ models of population dynamics in fact raled dynamics that were observed

but largely ignored in previous studies.

These examples are intended to highlight the perpbsomparison of model
outputs with empirical measurements. Limitationd ancertainties inherent in a
model formulation or parameterisation are unavdelabsuch descriptions of real-
world and complex systems (Lynch and McGillicud@pQ2). The development of
models is therefore typically a process where wtdading the cause of model
failure and/or deviation from empirical derived @#cilitates further iterations in
the development process and provides insights degathe general and specific
applicability of a particular model formulation ahdpefully the system it is used to

represent.

The Primary Productivity Algorithm Round Robin (PRR)

During the past decade or so the United Stateoh&tAeronautics and Space
Administration (NASA) has instigated and suppomednternational cooperative
research project tasked with improving estimatenafine photosynthesis by means
of remote sensing. An intensive series of reviem$aodel ‘skill assessments’
(Jolliff et al. 2009) known as Primary ProductivAjgorithm Round Robins
(PPARR) have been completed on aquatic productmdayels e.g. Carr et al.

(2006), Friedrich et al. (2009). The most recemt extensive of these PPARR’s
(Freidrich et al. 2009) assessed a total of 3G®@icommon aquatic photosynthesis
productivity models. The model by Eppley et al (P& cited as providing the most

elegant and straight forward approach to the estomaf algal productivity. In this
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model, the estimate of primary production [g G d1] is simply defined as being
directly proportional to the chlorophyll concentoat[mg chl ni] by an empirically

determined proportionality constant as shown indign 3.1.
PP [g C m?d™] = (chl, [mg chl m?]) *? Eq. (3.1)

Eppley et al (1985) proposed this model in respooseewly available satellite
imagery from which chlorophyll concentrations cobklinferred. A large data set
collected during oceanic cruises was used to pmdyaot of carbon based primary
production versus chlorophyll concentration witk #gguation of the line of best fit
defining the proportionality constant shown in Bdl. The assessment conducted by
Friedrich et al (2009) used for comparison purp@sesceani¢’C productivity data
set (n = 1000) available as a supplement to therp&d the thirty or so most
commonly cited productivity models assessed, thgpks relationship of
(chlorophyll_a}"? outperformed 19 more complicated models in terfrdewiations
from observed and predicted productivity. Other parsons discussed by the
authors confirmed that variations in model skillrevaot clearly associated with
model complexity or type. Interestingly most modgteluding that of Eppley et al.
1985) were observed to underestimate variabilitgrimary production; with simple
models displaying significantly less bias than niedesolving wavelength and

depth.

A factor analysis applied to a subset of varialblghin the ClimPP dataset, Figure
3.4; reveals a high degree of correlation betwegfase chlorophyll a concentration
and depth integrated primary productivity (IPP) &#R; thus suggesting why the
model simply consisting of Chlorophyll_a concentmatis often the best predictor of

productivity.
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Component 2

Component Plot in Rotated Space
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Figure 3-4 Factor Analysis of subset of the ClimPP data set, n = 941. Variables; year, day-
length, MLD = mixed-layer depth for sampling location, SST = sea surface temperature, PAR
= the photosynthetically active radiation, Chla_surface = surface chlorophyll_a
concentration, IPP = depth integrated algal productivity to the 1% light level.

This observation reveals the challenges that arsn attempts are made to
extrapolate from observations in controlled labamatonditions to complex field
systems. This result may also indicate why simpleuPve metrics such as the initial
light limited rate of photosynthesis (alpha), ordxyas normalised to algal biomass
appear to provide useful and consistent insighitsphotosynthesis in field (and
laboratory based) systems. This observation cankedsised to highlight the
uncertainty inherent in field based measures aofpectvity and illustrates the need

for comparison of productivity measures developgidgiother methodologies.
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3.3. Conclusions and Purpose

Investigations reported in this thesis were aimeabaessing the efficacy of a novel
approach for extraction of photosynthesis-irradéaparameters from in-situ online
dissolved oxygen data developed during previousare$ (Fallowfield et al. 2001,
Evans et al. 2003) and to make a contribution torgroved understanding of
biological processes within waste stabilisationgghe in-situ Pl approach
developed here was considered to require testidgaliation in controlled
laboratory conditions against data collected usiegstandard Pl determination
method prior to use within a large and complex WS&sults of experiments
conducted toward this end were reported in ChdptEreld investigations were
conducted by means of a series of four, purpodg buaiine monitoring stations
installed at a large maturation waste stabilisationd treating activated sludge (AS)
effluent at Bolivar WWTP (Chapter 6). High temporasolution online data was
analysed to determine in-situ photosynthetic ratgained to allow comparison
against results of Weatherall (2001), and thoseinbt from a laboratory based
algal bioreactor (Chapter 5) and the scientiferbture (e.g. Kayombo et al. 2002,
Gehring et al. 2010). This work was conducted pardof an extensive program of
research conducted over a period of more than adgean the Bolivar WSP system
in Adelaide, South Australia. Characterising batstib (Weatherall 2001, Sweeney
2004, Yamamoto 2007, 2010, Short 2010) and noneljBerdianto 2003, Sweeney
2004) variables known to influence pond ecology effident quality provided
information to improve the scientific understandofdactors that offer promise as
pond design and optimisation tools (Oswald 1998pwéield et al. 1992, Mayo and
Noike 1994, Sweeney et al. 2003, Shilton and HamrZ003, Ratchford and

Fallowfield 2003, Sweeney et al. 2007, Short e2@07, Gehring et al. 2010,
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Yamamoto et al. 2010). This is the first reportegessment of photosynthetic
oxygen dynamics at Bolivar WSP 1 and was undersabdide time of writing to be

the only study of its type reported in the WSPéitare.
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4. MATERIALS AND METHODS

4.1. HRAP Bioreactor

The HRAP bioreactor design was based on the gepengiples used in standard

HRAP systems as described in Cromar (1996), Faikdavet al. (2001) and Evans et

al. (2005); with modifications detailed below. Pkmd side view diagrams of the

system are shown in Figure 4.1 and 4.2.

_Online Probes
260mm s 260mm

Paddlewheel

Culture Medium Influent Pipe

1330mm

Figure 4-1 HRAP Bioreactor (Plan View).
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Figure 4-2 HRAP Bioreactor (Side View).
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The HRAP bioreactor consisted of a semi-circulaeveay constructed using
standard Perspex™ of 5mm thickness and glued tissngecommended Perspex™
cement. Culture depth within the system was preaated at 200mm (nominal) by
the height of the overflow outlet pipe permanefitted into the race-way base. The
culture was mixed at 3rpm (nominal) by four blageadidlewheel constructed from
acrylic plastic using a 240 volt ‘variator’ motdrybingen MP2, Serial #: 2959,
variable speed) connected to a fixed reductiombgea(SILT Type 130, 3/1
reduction). A peristaltic ‘pH dosing pump’ (Madtek, Cole Parmer 7015/20),
silicon hose of 18mm ID (nominal) was used to tfangrowth medium from a
closed (light excluded) 30L storage tank. The infation shown in Table 4.1 shows
physical dimensions and average operational pasmeteasured during the
experimental trials. The HRAP was fed with modifi&ods Hole medium and
COD loading rate was varied using different conidns of sodium acetate
solution. A non-axenic starter culture of one speaf Chlorophycea&hlorella
vulgaris) was obtained (with permission) from a stock a@tabtained and
maintained by Dr. Michael Short. This starter cidtwas initially used to seed the
bioreactor. A mixed algal/bacterial culture wastlaiowed to develop over time
with minimal intervention required with the exceptiof filtering of algal predators
(Daphnia sp. likely Morella. Dr. M. Short; pers. com.) on os@an by passing the
culture through a 100 um stainless steel screemf@aleaning of equipment used
in the field (e.g. water quality probes) appearedrevent re-infection. The
bioreactor culture was monitored regularly to eastiwas free of algal predatory

zooplankton.
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Raceway Height (mm) 200

Raceway Length (mm) 1300
Raceway Area (f) 0.73
Culture Depth (mm) 100
Culture Volume (L) 67.5
Influent Addition Rate (L/day) 10.5 € 0.3)
Retention Time (days) 6.5 & 0.2)

Re-aeration Coefficient; Kla @ 20 | 39.8
(day®) [Atmospheric diffusion from
mixing]

Diffusion Rate @ 28C (mg/L/hour) | 15.1
[Atmospheric diffusion from mixing]

Light Source Metal Halide 400 W

Incident PFD (umol/rfisec) 104.2 ¢ 2.9)

Culture Medium (Omg/mSCOD) Modified Woods-Hole Medium

Culture Medium (100mg/MmSCOD) | (Short 2010) with addition of

Culture Medium (300mg/MSCOD) | Sodium Acetate solution.

Table 4-1 HRAP Bioreactor Specifications.

Photographs showing the system from different ¢aigons during operation are

shown in Plates 4.1 — 4.3.

Plate 4-1. HRAP Bioreactor and Optical Bench.
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Plate 4-2. HRAP Bioreactor. Paddle Wheel (1), Dissolved Oxygen Probe (2), pH Probe (3),
Temperature Probe (4), Variable Speed Drive (5).

Plate 4-3. HRAP Bioreactor Optical Bench. Projector (1), Algal chamber (2), dissolved
oxygen probe (3), dissolved oxygen signal amplifier (4), chamber mixing controller (5), data-

logger (6).
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Re-aeration

The mini-pond paddlewheel was operated at a sp&dpm in order to achieve a
nominal water velocity of 7 cm/s mid-stream (meaduwising neutral buoyancy float
and stop watch). The re-aeration from atmosphdoecefd by the paddlewheel
mixing was determined in accordance with the metlagy described in Fallowfield
et al. (2001). This consisted of dissolving a na&fssodium sulphite in fresh mini-
pond medium (containing no algae or bacteria) ittalty de-oxygenate the media in
the HRAP and the logging the increase in dissobsadjen as a function of time.

Estimated re-aeration coefficient and diffusiorerate shown in Table 4.1.

Lighting

A metal halide lamp (Osram HQI 400W/D) with an opa@crylic filter between the
bulb and the surface of the HRAP was powered withR5400 Agrolamp 420w
240v 2.1A Ballast'. Globes were changed betweedtrirent rounds as a
spectroradiometer was not available to check spletharacteristics of used globes.
A published emission spectra of the above globéh(aiclear acrylic filter) is

provided as reference.
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Figure 4-3. Emission spectra of Osram HQI 400W/D metal halide lamp (Aphallo 2011:
University of Helsiki; Ecophysiology Group:
http://www.mv.helsinki.fi/aphalo/photobio/lamps.html).

Photon Flux DensityPFD; umol/ni/sec) incident on the surface and at the specified

depths and passing through the culture was measdailyd(or as possible) using a
Skye™ guantum sensor (SKE-510 400-700nm PAR),lethto a retort stand and
lowered through the culture at 5-10mm depth incresel ransmitted light was
determined by placing the quantum sensor immegiaheath the bioreactor
optical window.

All measurements were taken at the same spatiafitocadjacent the effluent outlet

in the pond for convenience and comparability.

Light attenuation

Light attenuation based on measurements of tratehlight (PAR) was conducted
using the methodology detailed in Fallowfield et(2D01); by use of a portable PAR

sensor with repeated measurements taken at a eédepths.
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Wet Chemistry

The following analyses were conducted on sampliésated from both the Bolivar

WSP and the lab based HRAP bioreactor.

Chlorophylla concentration was determined following filtratioha known
volume of culture through GF/C (1.2um nominal psiee) filters. The volume
filtered was determined by the nature of the celtdispersed or floccular material;
100 ml generally provided a sufficient signal toseoratio. The filters were
extracted into acetone (in the darkRC4over 24h). The chlorophyll a concentration
was calculated using the tri-chromatic equationhoetdescribed in APHA (1992);

10200H.

Suspended and Volatile Suspended Sala@wentration was determined using

the methods described in Sections 2540D and 24&§tectively of APHA (1992); a
100ml aliquot was determined by experience to gi®wa sufficient signal to noise
ratio without disrupting culture retention time essively.Where appropriate the
filtrate obtained from these assays was used fi@riohining ‘soluble’ components of

the following chemical parameters.

Carbon(Total/Organic/Inorganic) concentration was deiesd using a
Shimadzu TOC-5000A carbon analyser in accordanttetive procedure outlined in

the user’'s manual and in section 5310A of APHA )99

Chemical Oxygen Demar(dotal/Soluble) concentration was determined in

accordance with the closed reflux, colorimetric Imoek outlined in section 5220D of

APHA (1992).
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Biochemical Oxygen Demar(doluble) concentration was determined using the

5-day BOD test as outlined in section 5210B of AP{892) and as described in
the WTW OxiTop® system manual without using alligtlrea as a nitrification

inhibitor.

Bacterial Proteirtoncentration was determined using the Bradfooddir Assay

(Bradford 1977, Zor and Sellinger 1996) using BevBerum Albumin (BSA) as a
standard. All samples were processed in triplieat®llows. A 9 ml volume of
filtered sample (GF/C) was centrifuged at 2500g2f@mins at 4C to pelletise the
algal portion of the planktonic non-floccular biogsathe supernatant was then
centrifuged at a minimum of 54009 for a nominaligeiof 20 minutes at°€ to
pelletise the planktonic bacterial biomass. Afeanoval of the supernatant the pellet
was resuspended in 1 ml of supernatant. The rengagupernatant was used to
prepare standards to avoid the impact of dissabvgdnic compounds on sample
transparency. To a 1.5 ml eppendorf™ tube thevioilg was added; 700 pl
supernatant, 100 ul of standard or sample and 260Qu2 M NaOH to lyse the
cells. A digestion period of 45 minutes was thdiofeed by dilution of the sample
by the additional of distilled water to a final uate of 10 ml. A 5 ml aliquot of
Bradford reagent was then added followed by a 2@utes reaction time to ensure
for full colour development. The absorbance ofgsample or standard was then

measured 595 nm using a Sigma™ 6K15 spectrophotomet

Online Data

Dissolved Oxygen concentration was determined at a nominal frequeh&

minutes by online measurement using a Danfoss ™a@&uxygen Probe. Probe

depth was nominally at 75% culture depth (75 mmfwater surface). A
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Temperature Technology™ T-TEC Temper 6-3A (4-20rdafa logger was used in
conjunction with a Datataker™ DT100 datalogger.i@DO determinations were
supplemented and checked using a WTW™ Oxi 330 Moaytics Pty Ltd

portable field system.

pH was determined using a glass electrode, refergecérode with automatic
temperature compensation system (BME 13535 pH altertr ABB Kent Taylor).
Stability of the pH calibration was an issue idgeti at an early stage in the
bioreactor operation. Due to resource limitatiohrenpH determination was
replaced by daily (hominal) ‘grab sample’ deterniimas using a hand held WTW™

pH-320, Nova Analytics Pty Ltd portable field syste

Temperature of the culture was determined using a (TTEC PTHI)00
temperature probe with 4m cable. Data was loggexirallel with dissolved oxygen
using a separate channel on the Datataker™ DT lfafodger, and was
supplemented and checked using the temperatureaehiaom a WTW™ Oxi 330

Nova Analytics Pty Ltd portable field system.

Sandard Photosynthesis-Irradiance Deter minations

Photosynthesis — Irradiance (P1) measurements made using the standard Pl
apparatus and methodology as described in Hobsbiatowfield (2001) with the
exception that oxygen concentration and transmiitgnd intensity were logged

concurrently at a frequency of 2 seconds.

Experimental and Operational Conditions

Each mini-pond experiment was configured in antidahfashion with the
exception of areal soluble COD (SCOD) loading fmey. A freshly made volume of

approximately 40L of the Modified Woods Hole Mediuma cleaned (70% ethanol
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rinsed three or more times) reservoir was provielsgty 4 days operation (or as
required to keep the unit operational over the wadk The medium reservoir was
covered with foil to exclude light. Variables trwatuld be directly controlled;
retention time, light intensity at mini-pond suréaand composition of nutrient
medium, with the exception of SCOD (organic carboenained unchanged. The
mini-pond was not subject to temperature contha;dontained culture was subject
to diurnal and longer term climatic temperaturaataons during and between each
experimental treatment. Online temperature andblied oxygen data were
collected throughout each experiment at a schexfBaninutes. Photosynthesis
irradiance measurements using the standard Plapgarere undertaken on culture
collected at ‘dawn’ at a frequency of 2 days fa tluration of each experimental

treatment.

4.2. Murray Bridge HRAP

The Murray Bridge HRAP system is described in détarallowfield et al. 2001.
Wet chemistry and online data collection methodaitkl in the above reference are

also used in this study without modification (uslested).

4.3. Bolivar WSP

System Characterisation

A description of the Bolivar wastewater treatmeianpis provided in Chapter 3 and
in detail in the works of Sweeney (2004), Herdiaf&@03), Yamamoto (2007) and

Short (2010) .

Sampling and Experimental Design

All experiments were conducted in Pond 1 of the\BolWastewater Treatment

Plant (WWTP) at locations shown in Figure 4.4. Eladation was selected on the
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basis of work by Sweeney (2002) to provide locaiwithin the pond that differed

in terms of stratification frequency and durati@hépter 6).

Online Monitoring Stations

Four in total were constructed using materialslstand advice kindly supplied by
the Flinders Medical Centre Biomedical Engineei@&gtion (Plate 4.4). Each
station frame was of welded steel constructiongi@Bmm ‘angle iron’; each frame
was ‘hot galv dipped’ after removal by brushing ahgoping of welding slag for
corrosion resistance. A steel powder coated ingnirbhox was then affixed using
stainless steel machine screws and washers. Esteimsivas powered by a 12 volt
heavy duty fully sealed lead/acid battery clamp#d the base of each box and
trickle charged during daylight hours by a singtaehed 75W solar panel with hand
crafted bird deterrent. Each station was furnishigld Danfoss™ online dissolved
oxygen monitoring units and temperature probeslkipvided by Trevor Johns of
United Water; each was as described in Section Bhk. dissolved oxygen probe at

each of the four sampling sites site was placeddspth of 25 cm below water level.

Weather Station

Meteorological data was collected adjacent to BwlM/SP at a height
approximately 3 meters above water level using@irBdata WM2000 weather
station with an auxiliary photosynthetically actragliation (PAR) sensor. The
following parameters were measured and recordedvatically at 10 minute
intervals;

PAR (mean);

Solar Radiation (mean);

Wind Direction (mean and instantaneous);
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Wind Speed (mean and instantaneous)

Thermistor network

The thermistor network developed and deployed bgehwy (2004) was refurbished
and redeployed during the 2003 calendar year. dr&gl@perature probes were
replaced and rusting fixings de-rusted and paintiéidl ‘cold-galv’ sacrificial coating

prior to re-deployment.

Sampling and Downloading Schedule

All online monitoring equipment was set to recoedadsynchronously. Each data-
logger was programmed to record data at intervials 0 or 15 minutes, dependant
on the time estimated before exceeding capacitigeomemory. All loggers were

programmed to cease logging once memory capactyr@ached.

Plate 4.4. Installed handmade online monitoring station showing solar panel and bird
deterrent on upper edge. A temperature probe station is located in the foreground. The buoy
to the lower right of the image supports the temperature thermistor chain at this location
(Location I).

Wet Chemistry

Standard water quality parameters, as listed itic®@ed.1 were measured for each

sample taken from each of the four locations.
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Incident and Transmitted Light

Photon Flux Density (umol/ffsec) incident on the surface and specified depth
passing through the ‘culture’ was measured daihyagopossible) using a Skye™
quantum sensor (SKE-510 400-700nm PAR), attachebtb&r acrylic tube (25mm

diameter) and lowered through the culture at 525 mm depth increments.

Data Collation and Analysis

Field notes and observations were recorded in datgdooks. Data which was
manually recorded was transcribed into an eleatrorimat. Online data was
downloaded and stored as electronic files (*.txts¥) on a laptop computer. The
electronic data files were imported into MicrosofEXcel® spreadsheet program for
analysis. Wet chemistry data was recorded intoddaig book and was then
transcribed into electronic form using Excel®. Btatal analysis was performed
using Microsoft™ Excel®, SPSS™ version 10-17 andI&bg™ versions 2003-
2010. Graphical information either in the form @tbles or Figures was compiled
using each of the data handling computer prograstesdlabove. All statistical tests

of significance were performed at the 5%0(P£ 0.05) level.

57



NA

Figure 4.4. Plan diagrammatic view of Bolivar WSP 1. Online monitoring stations were
installed at locations G (North-west), | (North-east) E (Centre) and A (South-west. As per
Sweeney (2004).
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5. HRAP BIOREACTOR

Purpose

A HRAP bioreactor was designed, built and operatesbntrolled laboratory
conditions with aim of allowing comparison of phsyathesis/irradiance curves
obtained using a standard laboratory Pl apparaithstiose calculated from in-pond
dissolved oxygen time-series using a modified wersif the proposed method of

Fallowfield et al. 2001, Evans et al. 2003.

5.1. Introduction

The mass of oxygen produced per unit time fromlgdgatosynthesis is a key
parameter used for determining the ‘capacity’ oflyal-based wastewater treatment
process (Chapter 3), i.e. sufficient oxygen mugpieeluced by phytoplankton to
meet respiratory requirements of aerobic heterbimpiomass to stabilise the
nutrient load applied to the pond via the addinbrvastewater (Oswald 2003,
Davies-Colley et al. 2005).

Measurements of oxygen evolution per unit algahizies conducted at a series of
light intensities and corrected for oxygen loss ttualgal respiration can provide a
precise measure of the relationship between tleeofgthotosynthesis and light
intensity. In actuality, this is the logic undemping photosynthesis—irradiance
determinations (Harris 1984, Reynolds 2006, Falkowsd Raven 2007).

It is, however, important to note that in all butr@ (axenic) algal cultures,
measurements of respiration rates inferred fromsoreanents of oxygen utilisation
rate (OUR) or community respiration rate (CRR) wiltlude respiratory oxygen
losses from other micro-organisms (Harris 1984k Ki©94). The contribution of
other (non-algal) micro-organisms to OUR may, [gatéirly in wastewater

environments, be substantial and can be very diffto accurately and precisely
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guantify (Li and Maestrini (1993); see Cromar (1p9As a consequence it is more
appropriate to use terms such as OUR or CRR r#tharalgal respiration unless the
potentially large non-photosynthetic bacterial cdmition to pond biomass has been
characterised (Harris 1984, Kirk 1994, Falkowskd &aven 2007, Sherr and Sherr
2003).

In order to reduce errors in estimates of algatipotivity as inferred by
measurements of photosynthetic activity, it is idde to establish the contribution
of physical mediators of oxygen flux in the systehinterest; i.e. to identify

physical sources and sinks of dissolved oxygentarmdtablish their relative
contributions over time. Within the indoor labonmgtbased HRAP bioreactor the
atmosphere provided a source of oxygen via re{aetas it does in all HRAP
systems in a measurable way, i.e. circulation &ticet medium by the paddlewheel
disturbed the air—water interface and permittedative flux (diffusion) of oxygen
(and other gasses) to (and from) solution (Chaptefhis source of DO varies
largely as a function of water velocity, pond de@® saturation and temperature;
and was accounted for by application of the equatmresented in Metcalf and Eddy
(2004) and as described in Evans et al. 2003. TDeiDk provided by diffusion

from the liquid phase to the atmosphere upon ssatration of the culture medium
during the photoperiod is poorly documented inlitegature at present and is
therefore routinely ignored as a sink in modelpafd photosynthetic activity. A
review of the literature failed to identify publtaans that explicitly considered this
source of error in papers describing pond oxygealgbts. Super-saturation is
common in HRAP and WSP systems; in-fact it is nemm@monly observed than not
on cloud free days. One consequence of not incatipgrout-gassing of oxygen in
estimates of productivity based on Pl measuremeititbe to underestimate, by

some proportion, the photosynthetic activity of #hgal biomass and therefore
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carbon productivity by a proportional amount; arskaf the literature revealed no
published attempts to incorporate out-gassing dwsipersaturation. Quantification
of this potential confounder was beyond the scdpkis thesis and is considered a

worthy topic of future research.

To re-iterate; the purpose of Pl measurementsdetermine response of algal
photosynthesis to changes in light intensity oeotrariables such as nutrient status,
temperature etc. In the field such changes maydm@fast on timescales that range
from seconds to years; e.g. weather events, thaaliaycle, the seasonal cycle,
climatic variation or changes in wastewater charastics. It is therefore of interest
to understand how Pl changes occur in these systerasponse to environmental
variation as well as factors such as influent catregion; this basic ecological
information is likely to be useful for addressirgitarian questions of pond
operation such as determining tolerable loadingsr&dr treatment purposes, or
perhaps for more fundamental biological questi@teting to the study of algal
activity in ecosystems. The measurement of Pl ugiagtandard Pl apparatus in the
field is however often impractical due to the regment for onsite laboratory
facilities; in addition, samples processed in ti®kratory may be subject to changes
in physiological status due to storage and trangptarris 1984, Kirk 1994). If
samples are grown in the laboratory obvious chg#srarise when attempting to
translate results of laboratory phyto-physiologicakstigations to those measured
in the field (Harris 1984, Kirk 1994, Short 2010).

Various strategies have been devised to reduceffibets of storage on samples, for
example oceanic or large water body Pl measurenaeatsequently conducted in
ship board laboratories (Kirk 1994). The use of'light and dark bottle’ in-situ

incubation procedure to determine photosynthesaslimnce relationships has been
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in use in the field since at least the earISV Zentury (Chapter 3). Weatherall (2001)
found this method problematic in WSPs as a redulhpredictable variations in
incident light intensity and temperature in thédiender all but ideal conditions. As
a consequence Weatherall (2001) collected samplasthe field and assessed them
in the laboratory using the standard Pl appar#@&usmparison of Pl measurements
made by Weatherall (2001) on a WSP pond samplg asiight and dark bottle
experiment and standard PI determination showddhkawo methods could
produce comparable results. However the standandeBsurement was made on the
same sample very soon after collection at a poneltsansportable laboratory thus
negating the confounding effects of storage argbtoe degree transport.

In addition to these difficulties, PI determinatsoronducted using either method are
extremely labor intensive and technically diffictdtsuccessfully perform and

ideally should be conducted in replicate to provitae reliable results (Hobson and
Fallowfield 2003). Alternatives approaches that nge straightforward approaches
are therefore considered highly desirable (Kirk4)99

The HRAP lab-based bioreactor described in thiptravas designed to provide a
lab scale, algal based wastewater treatment systgmgood control of parameters
such as light intensity and temperature; and attomparisons of Pl curves
measured using the standard apparatus of HobsoRadloavfield (2003) with online
Pl measurements data according to Evans et al J2003

The HRAP bioreactor was operated with continuoubtexh of a synthetic sewage
medium using sodium acetate as an organic carbacesat a series of three loading
rates (Chapter 4). Operation started in photoaypbic mode with no addition of
organic (acetate) carbon substrate to the cult@wdium; two additional trials
followed in series; increasing the organic carlbmading after the completion of each

trial. This strategy was adopted to provide a rawfggpical loadings for a
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facultative WSP treating domestic sewage. The sefiexperiments were designed
to allow assessment of oxygen dynamics within tfs¢esn, and not specifically to
address the impact of carbon (as acetate). Syotb@ttage was used as medium as it
did not contain pathogenic organisms that woulde@@bl&S risks to laboratory
users (Cromar 1996).

The response of the system was monitored by measuteof standard water
chemistry parameters for comparison against lgstetr and full-scale algal based
systems. As biological systems are difficult toalecdown’ these water quality
treatment parameters were considered useful asatwis’ of bioreactor operation

to try and ensure that unique and general propgesfithe lab based system
responses were identifiable.

Upon achieving a ‘steady state’ (3 hydraulic ratantimes) an intensive series of Pl
measurements were undertaken using the standapBfatus. Contemporaneous
online data were used to calculate online Pl vafunesused to test the hypothesis
that such data could be used in field based Pl uneagents. The time-series pattern
of dissolved oxygen concentration versus time viss gualitatively assessed for
each treatment against the pattern observed iNtheay Bridge HRAP system
(Fallowfield et al. 2001), again to try and enstna& unique and general properties

of the lab-based system responses were identifiable

5.2. Materials and Methods

More detailed descriptions of the mini-pond condinn, operating conditions,

monitoring protocols and analysis are provided agter 4.

5.2.1. Experimental Design

A series of three experimental treatments werdraily devised with the intention

of operating the laboratory based HRAP bioreaggstesn at COD areal loadings
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consistent with Cromar (1996) i.e. nominally 1080&nd 600 kgCOD/ha/day
(acetate as organic carbon source in a synthetiagemedium). The application of
such loading rates, holding other variables constaould have provided data for
direct comparison against the findings of Crom&?9@). These COD loadings were
chosen since they are within the normal loadingedior a facultative WSP. Upon
operation of the HRAP bioreactor it was found tetoon loading in this range (and
thus oxygen demand) was too high for the cultunetoain aerobic in the HRAP
bioreactor; in part due to the high light attenoratafforded by dispersed bacterial
biomass that proliferated and the low light intenachievable at the culture surface.
An alternative series of loading rates experimergere therefore devised with
reference to an important change in the operatioaaling of Bolivar WSP that
occurred following the installation of the activdtgludge (AS) tertiary treatment
system in 2000, as reported in Sweeney et al. (200%he Bolivar WSP was,
following this change, subject to loading of secanydactivated sludge effluent,
effectively acting as tertiary ‘maturation pond’anVSP series (Sweeney et al.
2005b, Short 2010).

On this basis, nominal areal loading rates falintpin the soluble BOD and SCOD
areal loading ranges for Bolivar during the pernd@001-2004 were selected in
order to provide data comparable with contempoopesration at the plant. This
provided benefits in two senses; firstly aerobindibons were maintained as would
be necessary for the proliferation of aerobic legtephic bacteria and secondly,
online monitoring of dissolved oxygen could ocallpwing oxygen dynamics to be

analysed.

64



Experimental treatment nominal carbon loadings vasréllows

Inorganic carbon from atmospheric diffusion (photoautotr ophic):

o Treatment 10 mg soluble COD/Aiday.

Organic carbon sour ce (Synthetic sewage medium containing sodium acetate) at
two areal loading rates:
o Treatment 2100 mg SCOD/m2/day (1 kg soluble BOD/hafjay

o Treatment 3300 mg SCOD/m2/day (3 kg soluble BOD/hafjay

Parameters measured are provided in detail in @hdgdtut are summarised below

for convenience and included;
Chlorophyll_a: a standard proxy measure of algal biomass.

Dissolved Oxygenonline measurements conducted at a nominal sthedd

minutes for production of time series oxygen aatd calculation of online PI

parameters.

Light Attenuation measured 3 — 4 times weekly in order to proviaiador

comparison of changes in light penetration betweegrerimental treatments.

pH: online measurement conducted at a nominal sched@eninutes.

Temperature online measurements conducted at a nominal sthed5 minutes
for comparison between treatments and determinafioxygen saturation level and

therefore re-aeration due to active mixing by paddieel.

1

2 Sodium acetate provided a carbon source for bitweavithout a recalcitrant component, thus the
assumption of equivalence (in principle) in terrhoading rates of SCOD and BOD.
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Carbon Inorganic carbon data was collected to identifgroges in carbon substrate
concentration when comparing photoautotrophic nerdecarbon loaded mode

of operation.

Bacterial Proteinto identify changes in biomass composition whemgaring

photoautotrophic mode and carbon loaded mode ohtps.

Steady State Conditiona period of three retention times with nominalipguent

status was used as the criterion for definitiostefdy state (stable) conditions

(Metcalf and Eddy 2003).

Photoperiod18 hours illumination followed by 6 hours darkipéd. At the low
luminance incident on the bioreactor this lightldeatio permitted maintanence of
aerobic conditions at the highest loading rateslsivallowing sufficient time for

dissolved oxygen concentrations to decline aftenset’ each day.

5.3. Results and Discussion
5.3.1. Measures of Pond Performance

Summary data showing mean and standard deviati&CafD and soluble total
organic carbon (STOC) areal loading rate, hydrawgiention time, photon flux
density (PFD) light intensity at HRAP surface amndture temperature for each
experimental treatment are provided in Table 5adhd?retention time was calculated
based on measurements of mini-pond effluent volawegaged over the time course
of each experimental treatment.

Areal loading rates for each treatment were derfv@th measurements of influent
SCOD and STOC concentration and were a functioetehtion time. The measured
Org-C areal loadings (Table 5.1) were close ta#hie expected based on a

theoretical value of 48 mg C per 100mg COD for sodacetate (Standard Methods
66



1992). Consequently the deviations of measuredrgaedtes from nominal
(intended) were considered to be largely the redudtrors in measurement of
effluent volume. A summary of wastewater qualitg dmomass parameters assayed
during the ‘steady state’ period for each of thpesknental treatments are shown in
Table 5.2.

For ease of interpretation summary data showing dval whisker plots’ (box-plots)
of parameters measured during the ‘steady statébpoof each trial are provided in
Figures 5.1 — 5.5. In each case the horizontatdgaesents the median value, the
shaded area ‘box’ shows the inter-quartile randelsivthe ‘whiskers’ show the
absolute range for each data set. Each parametspiayed separately allowing for

comparisons across the three experimental treasment

Dissolved Oxygen

A significant difference (Table 5.2) in median orygconcentration was observed
between treatments (Figure 5.1). This pattern wagreement with typical
observations of outdoor and pilot scale pond systiat display decreased DO
tension in response to increased loading of orgeamicon. Such loading provides
conditions more suitable for the vigorous growttaefobic heterotrophic bacteria,
and at a given algal productivity, results in dasexl DO tension due to increased
unit volume respiration (Fallowfield et al. 2001).

Further discussion regarding dissolved oxygenasiged in Section 5.3.2.
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Experimental Acetate Loading Acetate Loading Rt (days) | PFD (umol/m?/sec) Vertical Attenuation Tc (°C)
Treatment (mgSCOD/m?/day) | (mgSTOC/m?/day) Coefficient
(Kd (PAR) m™
0 (Treatment 1) 0 0 6.6 103.2 21 (n=4) 18.6
(mgSCOD/m?/day) (0.36) (2.35) (0.558)
n=4 n=4 N =10 days
100 (Treatment 2) 89 51.7 6.3 106.1 37(n=4) 19.7
(mgSCOD/m?/day) (8.21) (2.42) (0.47) (3.70) (0.873)
n=4 n=>5 n=4 n=>5 N = 12 days
300 (Treatment 3) 324 189 6.1 104.4 5.6 (n=6) 20.1
(mgSCOD/m?/day) (20.83) (10.33) (0.35) (1.54) (0.654)
n==6 n=7 n==6 n==8 N = 23 days

Table 5-1 Arithmetic mean (standard deviation) and sample size, n, for pond SCOD and soluble total organic carbon (STOC) loading and physical
parameters. T; culture temperature collected over time period specified at 5-minute intervals. Rt = volumetric retention time, PFD = photon flux

density.
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DO (mg/L) T (°C) pH SS (mg/L) VSS Chl_a Protein STC IC (mg/L) STOC COD SCOD
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Treatment 1 13.5* 18.6* 10.20* 286 256 1.36 108* 28* 4.9* 23 379 131
0 mgSCOD/mzlday (2.31) (0.55) (0.32) (113) (97) (0.720) (160) (6) (2.2) (5) (105.6) (15.1)
(0 mg SCOD/L/day) [287] [287] [287] [15] [14] [15] [4] [10] [10] [10] [5] [4}
Treatment 2 10.11* 19.7* 9.41* 198** 189 0.37** 590* 46* 23.4* 22 503 155
100 mgSCOD/mZ/day (0.87) (0.87) (0.13) (50) (66) (0.07) (260) (6) (3.3) (6) (106) (13.1)
(1.3 mg SCOD/L/day) [287] [287] [287] [11] [8] [6] [4] [7] [7] [7] [4] [4]
Treatment 3 8.33* 20.1* 8.43* 304 220 1.11 3218* 152* 63.7* 89** 1169 215%*
300 mgSCOD/mZ/day (0.66) (0.65) (0.30) (82) (52) (0.157) (739) (33) (5.8) (37) ) O
(3.7 mg SCOD/L/day) [287] [287] [287] [7] [7] [6] [4] [5] [5] [5] [2] [2]
P value <0.0001 | <0.0001 | <0.0001 =0.0003 =0.057 =0.0032 =0.0073 | =0.0001 | <0.0001 =0.0036 =0.0387 | =0.0415

(5% significance
level)

Table 5-2 Summary of wastewater quality and biomass parameters collected during the ‘steady state’ period of each experimental treatment in the
final effluent: Arithmetic mean, (standard deviation), [sample size]. *All treatments significantly different with respect to the median of specified
parameter (5% significance level, Kruskal-Wallis nonparametric one-way analysis of variance). DO = dissolved oxygen concentration; T = culture
medium temperature; SS = suspended solids; VSS = volatile suspended solids; Chl_a = chlorophyll_a concentration; STC = soluble total carbon
(GF/C filtrate); IC = inorganic carbon concentration; STOC = soluble total organic carbon; COD = chemical oxygen demand; SCOD = soluble
chemical oxygen demand. Online parameters were derived by averaging across all days of a treatment to produce an ‘average day’, thus each

treatment has a total of 287 data points, each of five minutes duration; the data shown is the average of this data.

**Single treatment significantly different with respect to the median of the specified parameter (5% significance level,) “Data lost due to analysis equipment
failure. Note that arithmetic mean and standard deviation are shown as measures of central tendency and dispersion in order to provide more familiar statistics

for the reader. P values are based on comparison of median.
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Algal Biomass

Variations in chlorophylla concentrations between treatments are shown uréig
5.2. A significant difference (Table 5.2) in madiehlorophyll a concentration was
observed between treatment 2 and treatments 1.andual inspection of Figure 5.2
suggested that this resulted from the relatively ¢hlorophyll_a concentration
observed in Treatment 2; supported by statistioaigarison of Treatment 1 and 3
chlorophyll_a concentrations, which were shown not to be sigaiftly different (p

= 0.5031, 5% significance level, n = 15, 11, WilooxRank Sum Test). Both of the
carbon loaded treatments (Treatments 2 and 3)ayis@ireduced variation around
the median chlorophylh concentration compared to the photoautotrophitesys
(Treatment 1). By implication the algal populataensity was substantially more
stable in the non-photoautotrophic, acetate loadedigurations. It was considered
likely that reduced light attenuation (Table 5ith.jhe carbon loaded treatments was
afforded by the presence of ALBAZOD (Soeder 198dajier 7); i.e. suspended
flocculent algal and bacterial biomass. As seldahg of the carbon loaded cultures
appeared to be reduced in comparison to the phtotoaphic treatment this may
have allowed a more stable light climate and tleeesless variable algal density to
persist. Chlorophylla concentrations in all treatments were noted twibiein the

range of data obtained from the Murray Bridge HRA&ls (Fallowfield et al. 2001).

Suspended and Volatile Suspended Solids

The suspended and volatile suspended solids aSSagnd VSS respectively)
provides data routinely used in wastewater treatrmpertess assessments. SS results
for the three treatments are shown in Figure 5.8e similar pattern of variation

to that observed for median chlorophgliwas apparent between treatments with

respect to median VSS (Table 5.2) and SS (Figuke 5.
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In algal based systems the biomass captured batiilh through 1.2am pore size
GF/C filter consists of both algal and bacteriahponents; however previous work
by Evans et al. (2005) showed that reaction radésutated using VSS as a proxy for
biomass for high rate algal ponds may be reasomabieded that account was made
for the algal component of the biomass. A commopigoal process parameter used
to characterize AS wastewater treatment procesgraeand operating conditions is
the ‘food-to-microorganism (biomass) ratio’ (F/M)dais reported in the literature as
being in the order of 0.04g substrate per gvVSS(Natcalf and Eddy 2003) for
extended mechanical aeration. This equates to 49mgpstrate loaded per 1000 mg
of VSS, or expressed as an F/M ratio of 0.04.

Based on VSS levels observed in the bioreactorcaleulated F/M ratio for
Treatment 3 was 0.017. This calculation assumedhiezbulk of the bacterial
biomass was captured by the VSS assay, and anb@bgahss concentration of
100mg/L, based on Chl_a representing 1-2% algah&ss dry weight for green
algal species common to WSPs (Reynolds 2006)lItivws that a VSS for bacterial
heterotrophs in the HRAP bioreactor of approximakellf of this value (50mg/L)
would result in a F/M of the same order as a stahA& system for Treatment 3. It

is the case, however, that AS systems operateashert retention times, high
suspended solids and with no requirement for lggmtetration they can be very deep
as a result AS systems are very much more compadtidhly energy intensive due

to the requirement for mechanical aeration; thgaldlased systems.
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Figure 5-1 Box and Whisker plots of dissolved oxygen for each experimental treatment. n =

287 dissolved oxygen measurements, i.e. across all days of each trial for each 5 minutes

period of 24 hours. Treatment 1 = 0mg SCOD/mzlday Treatment 2 = 100mg SCOD/mZIday

Treatment 3 = 300mg SCOD/mZIday
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Figure 5-2 Box and Whisker plots of chlorophyll_a concentration for each experimental
treatment. n = 15, 9 and 11 data points respectively. Treatment 1 = 0mg SCOD/m?/day
Treatment 2 = 100mg SCOD/m?%day Treatment 3 = 300mg SCOD/m?/day.
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Figure 5-3 Box and Whisker plots of suspended solids for each experimental treatment. n =
15, 11 and 7 data points respectively. Treatment 1 = 0mg SCOD/m?/day Treatment 2 =
100mg SCOD/m?/day Treatment 3 = 300mg SCOD/m?/day.

Bacterial Protein

In order to allow direct comparison between treatim@vith respect to bacterial
biomass, a protein assay was conducted on bioresanaples subjected to a series
of centrifugation stages (Chapter 4) to separaal and bacterial fractions. Results
of this bacterial protein assay are shown in Fidude A significant difference
(Table 5.2) with respect to median protein con@itn was observed between
treatments. The changes in protein concentratigervled between each trial were
considered most consistent with the hypothesisgrester loading of SCOD
(BOD/DOM) resulted in increased heterotrophic baatg@roductivity. This
assertion was supported by visual inspection aePdl and 5.2, which show
scanning electron micrographs (SEM) of mini-ponohtass captured on 0.2 micron
filter substrate following filtration through 1.2ionon GFC. Morphology of the
organisms visible in the EM was interpreted asro#tephic bacteria, possibly

adhering to polysaccharide fragments (van den Agkes. com. 2009).
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Inorganic Carbon

Bacterial respiration is considered to be the nsaurce of CQfor algal
photosynthesis in wastewater treatment and marer atljuatic systems (Chapter 2
& 3). Results of the IC assay are shown in FiguBe A significant difference (Table
5.2) with respect to median IC concentration waseoled between treatments. The
changes in IC concentration observed between eatkvere consistent with the
hypothesis that greater loading of SCOBsulted in increased biomass of
heterotrophic bacteria and hence resulted in a@realease of IC into the culture
medium. It is noteworthy that the pattern of chamg® respect to inorganic carbon
concentration in Treatments 1, 2 and 3 was natctdtl by a consistent pattern of
increase in chlorophylh concentration as may have been expected if algal
photosynthesis was carbon limited. It should beddhat addition of the carbon
substrate corresponded with the development of ALBB and improved light
penetration into the culture in Treatments 2 anith3s making direct comparison

with the photoautotrophic growth conditions (Treatrhl) more challenging.

Light Attenuation

Measurements of culture light attenuation and \lisbaervations of floc

morphology suggested that light penetration wasyiko be the major driver of
differences in chlorophylla concentration and by implication algal concentratiin
photoautotrophic growth conditions (Treatment dfdulent particles were generally
very small or not visible to the naked eye and&lispd throughout the culture
medium. This corresponded with substantially desgddight penetration through

the culture (Table 5.1). In the carbon loadingtireants (2 and 3), individual

% May be considered functionally equivalent to BOCD®M in natural ecosystems if DOM is not
recalcitrant.
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flocculent particles were clearly visible to thekad eye; and in the high carbon
loading configuration (Treatment 3) the ‘flocs’ hidwg appearance of ‘cut grass’;
possibly the result of high levels of ‘sticky’ psgccharide production by
heterotrophic bacteria (van den Akker pers. cor520The presence of flocculent

particles resulted in effective light penetratiarthe carbon loaded treatments.
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Figure 5-4 Box and Whisker plots of bacterial protein for each experimental treatment. n = 4
data points for each treatment. Treatment 1 = 0mg SCOD/m?/day Treatment 2 = 100mg
SCOD/m?/day Treatment 3 = 300mg SCOD/m?/day.

75



g ov
[2-2 2b.a0 [ (/9 (023

Plate 5-1 Scanning electron micrograph of culture biomass captured by 0.2-micron filter.
Treatment 3 = 300 mg SCOD/m?/day.

Plate 5-2 Scanning electron micrograph of culture biomass captured by 0.2-micron filter.
Treatment 3 = 300 mg SCOD/m?/day.
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Figure 5-5 Box and Whisker plots of Inorganic Carbon (IC) for each experimental treatment.
n =11, 7 and 6 data points respectively for each treatment. Treatment 1 = Omg
SCOD/m?/day, Treatment 2 = 100 mg SCOD/m?/day, Treatment 3 = 300 mg SCOD/m?/day.
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5.3.2. Online Data and Pl determinations

Dissolved Oxygen

Scatter-plots showing mean culture temperatureoagden concentration for the
duration of each experimental treatment are pravidd=igures 5.6 to 5.8; each plot
displays online DO and temperature medhstandard deviation for each 10 minute
increment over the 24 hour ‘day’ for the full duoat of each trial. Each
measurement was taken automatically at the sangedirthe day and each data
point on each figure is therefore the average aisueements for that time of day in
that trial.

In all treatments the variation in dissolved oxygencentration during the 24 hour
cycle appeared qualitatively consistent with thiegga observed in the Murray
Bridge pilot scale HRAP (Fallowfield et al. 200X)dathe Bolivar WSP (Chapter 6).
That is; dissolved oxygen concentration in the daotor increased rapidly following
‘dawn’ until reaching a plateau; in either a sup&iurated (Treatment 1 and 2) or
close to saturated level (Treatment 3). Followsgn'set’ the culture oxygen tension
rapidly dropped due to efflux of oxygen from thdtere due to mixing and
respiratory oxygen requirements; the rate of degr@aoxygen utilisation also
stabilised closer to ‘dawn’ as noted for the MurBxidge HRAP. Inspection of
Figures 5.6 (Photoautotrophic Treatment 1) reveahsiderable variation around the

average dissolved oxygen concentration in compatisd reatments 2 and 3, Figure

5.7 and 5.8 respectively; consistent with the patté variation_withineach

treatment noted for chlorophy# concentration. In physical systems, such as an
oscillating spring, damping of oscillations candmhieved by application of a force
e.g. from a shock absorber. It was considered plessiat the decrease in variability

observed in DO concentrations (and chlorophyllira)he carbon (acetate) loaded

78



treatments (2 and 3) in comparison to the photaengbic treatment reflected an
analogous dampening effect; possibly provided lpydyal oxygen utilisation.
Whilst this assertion is speculative, such metapkor phenomena) are
acknowledged as useful tools or models in studig®pulation dynamics, e.g. May

(1974), Nisbet et al. (1997).

Temperature variation

In all treatments variation in temperature followaedimilar pattern during the daily
cycle; significant differences in the magnitudepohd temperature (Table 5.2) were
observed between all treatments. Whilst differeme¢emperature magnitude
between treatments were significant; in absolutasehe variation between
treatments was only of the order of 1 t&2 To account for these differences in
temperature on the solubility of oxygen in watex Bl parameters calculated in
following sections used temperature data collectedemporaneously with that of

dissolved oxygen as described by Evans et al. (2003
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Figure 5-6 Scatter-plots of average temperature (blue dots) and average dissolved oxygen
(black dots), + standard deviation (grey bars) for both data types: N = 10 days, 10 minute
logging schedule. Treatment 1 = 0mg SCOD/m /day
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Figure 5-7 Scatter-plots of average temperature (blue dots) and average dissolved oxygen

(black dots), + standard deviation (grey bars) for both data types: N = 12 days, 10 minute
logging schedule. Treatment 2 = 100mg SCOD/m? /day.
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Figure 5-8 Scatter-plots of average temperature (blue dots [top]) and average dissolved
oxygen (black dots [bottom]), + standard deviation (grey bars) for both data types: N = 23
days, 10 minute logging schedule. Treatment 3 = 300mg SCOD/mZ/day.

Oxygen utilization rate@OUR) calculated for each experimental treatmeat a

shown in Table 5.3 (see Evans et al. 2003 for nuettogy). The parameter
OUR/hour was calculated from online dissolved oxydata and provided a measure
of average hourly rate of change in dissolved orygmncentration during the period
closest to dawn (50 minutes prior); corrected &aeration due to the pond paddle-
wheel surface disturbance (when below saturatibim. pattern of variation observed
for OUR/hour between treatments was qualitativelysistent with that for
chlorophyll_a and suspended solids as shown in Figures 5.2 .8nthat is a ‘U’
shape when comparing treatment 1, 2 and 3. Ittewarthy that variation in OUR
was substantially greater between treatments tlidamnvireatments; this was
considered to indicate that loading conditions leetwtreatments differed enough to
ensure that the OUR parameter was a distinguistiiagacteristic or indicator of the
pattern of oxygenic flux in the culture medium daodreatmentonditions.

As discussed above; the term ‘oxygen utilizatide'rs often used interchangeably
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with community respiration rate in the literatusethey have equivalent meanings;
I.e. biomass in wastewater loaded HRAP and WSRsstonsists overwhelmingly
of bacteria and algae and therefore measuremeng¢sgifation (via DO
concentration) will include contributions from algad bacterial components in
addition to small (presumably) contributions fromm@al and/or invertebrate
respiration.

In recent decades it has been shown that bactemaphotosynthetic organisms can
be a major or dominant component of the planktbiomass in pond based
wastewater treatment systems with abundance iiVlzdgserial composition
correlating with factors such as climatic variateomd nutrient loading (e.g. Cromar
and Fallowfield 1996). In highly productive algaded treatment systems;
heterotrophic bacteria can proliferate in the mufrrich medium and shade the algal
cells that produce the oxygen they (bacteria) medioirr respiratory activity.
Heterotrophic bacteria, when respiring, releasbaradioxide into the culture
medium; thus providing carbon for using by the engyRuBisCO; the enzyme
responsible for catalyzing sugar formation in te# (Chapter 2). In simplistic terms,
as the balance of aerobic, anoxic or anaerobicbobtaprocesses in a pond changes
so does the balance between algal/bacterial réigpmir@xygen uptake) and algal
photosynthesis (oxygen production) changes (Ch&péed 3); thus the rationale for
determining relative contributions of each of thesmponent processes to reveal the
resulting pattern of oxygen dynamics in respond@ealiurnal cycle and changes in
nutrient loading or biomass composition.

As indicated by the above, the processes that petthin such systems are
complex; fortunately some important and apparemeihgonable simplifying
assumptions can be made in photosynthesis/irragliamestigations including that

of respiration rates remaining constant (at a gbeemperature) in the presence or
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absence of light (Kirk 1994, Falkowski and Ravef®20Chapter 3). The OURs
presented in Table 5.3 were calculated from oroxygen data gathered in the
absence of light immediately before illuminatiorpt@vent oxygenic photosynthetic
activity masking the signal. Differences in oxygeproduction upon illumination
were therefore assumed to be dependent entirely algal photosynthesis. The
corresponding OUR as normalized to chloroplg/toncentrations are shown in
Table 5.4. Normalization to chlorophyd provides a means of comparing these
metrics when they are by definition independenhwaspect to any differences in
algal concentration (assuming that photosynthegjmpnt concentrations per unit
biomass remain relatively constant). It was consid&oteworthy that the pattern of

variation_betweetreatments revealed in Table 5.4 was largely umgbd by

normalization with respect to chlorophydl despite substantial differences in
chlorophyll a concentration. This was considered most likelyntbcate the

presence of a large respiring non-algal (bactebianass in all treatments.
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OUR/hour Standard Number of pre-
(MgO,/L/h) Deviation dawn (23:‘;;\)/ations
(mgO,/L/h)
Treatment 1 1.77 0.20 10
(0 mgSCOD/mzlday)
Treatment 2 0.19 0.05 12
(100mgSCOD/m?/day)
Treatment 3 3.8 0.08 23
(300mgSCOD/m?/day)

Table 5-3. Pre dawn oxygen utilization rates; mg dissolved oxygen per litre per hour;
Arithmetic mean and standard deviation of the 50 minutes of predawn rate measurements
across the full term of each treatment period.

OUR/hour/Chl_a
(mgO,/mgChl_a/h)

Standard Deviation
(mgO,/ mgChl_a /h)

Number of pre-
dawn observations

(days)
Treatment 1 1.30 0.70 10
(0] mgSCOD/mzlday)
Treatment 2 0.51 0.16 12
(100mgSCOD/m?/day)
Treatment 3 3.44 0.49 23

(300mgSCOD/m?/day)

Table 5-4. Pre dawn oxygen utilization rate mg dissolved oxygen per unit chlorophyll_a per
hour; Arithmetic mean and standard deviation of the 50 minutes of predawn rate
measurements across the full term of each treatment period.

Gross and Net Photosynthetic Rates

Net photosynthetic rate can be simply defined aglifference (in terms of oxygen)

between OUR and gross photosynthetic rate (Falkoavek Raven 2007), i.e. the

increase in oxygen production per unit time (duphotosynthesis) corrected for

losses due to respiration. Figure 5.9 shows reptatiee online temperature, light

and DO data obtained from the Murray Bridge pilmle HRAP system (Evans et al.

2003). The portion of the DO curve marked ‘R’ wias pre-dawn change in DO; in

this case DO was increasiaga constant rate due to the atmospheric retaerat
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provided by the paddlewheel; OUR was therefordyaalculated as a function of
the deviation (due to biomass respiration) from(kmwn) atmospheric re-aeration
rate curve. The portion of the DO curve arrowedsRowed the post-dawn increase
In oxygen concentration per unit time and provideass photosynthetic rate (GPR)
when aeration rate was subtracted to reveal thitopasf increase due only to
oxygen photosynthesis. It was noted by the autthatsa ‘lag’ in terms of time
occurred between sunrise and illumination of thedpsurface and the subsequent
increase in pond DO; due to the fact that only digo of the pond volume (and
biomass) was exposed at the surface at an instéimieé and required a period of

time for cycling through the light field.

20 ~ - 2000
a Temperature

18 4 ? Rg:slsiolved Oxygen - 1800
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Figure 5-9 Change in dissolved oxygen concentration, photosynthetically active radiation
and temperature during a 24-hour period (depth = 0.3m, retention time = 20 days. Murray
Bridge HRAP system; from Evans et al. 2003.
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These parameters (OUR and GPR) were used to dertyghotosynthetic rate {§

and were then plotted as shown against online measunts of PAR (Figure 5.10).
The form of this figure is that of a standard Piveuand it was posited by the authors
that such a treatment of online data may provideans of assessing the
relationship between photosynthesis and irradiamtiee field with similar fidelity

to that obtained through use of the standard Paapps. If so the initial light limited
rate of photosynthesis (alpha; ‘A’ in Figure 5.50)d the saturation onset parameter
(Ik; ‘EK’ in Figure 5.10) could be derived. Theserided metrics (Ik and Ek) were

not the focus of the research presented belowaltreetdesign of the HRAP
bioreactor; specifically, light intensity varied assquare wave’ and this was not

analogous to the changes in PFD experienced irooutystems.

0.7 1
o Day 1
0.6 - [m] Da}-' 2
X Day 3
0.5

Net photosynthetic rate (mgO,/mgchla/hour)

1200

PAR (pmoles/m?/s)

Figure 5-10 Net photosynthetic rate per unit chlorophyll_a (depth = 0.3m, retention time =
20 days. Murray Bridge HRAP system; from Evans et al. 2003.

It was considered, however, straightforward to ss€8URS, net and gross

photosynthetic rates calculated from online dateoimparison to the standard Pl
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apparatus as these parameters can be calculategsaper unit time simply based
on changes in oxygen production data; this is taarfocus of the data analysis
presented below. This methodology was also apphi¢ke online data collected
from the Bolivar WSP (Chapter 6) as analysis didrety on understanding the
importance (or otherwise) of the observed lag ind&@®Ocentrations in these outdoor
systems or in principle the constant irradianceiolatble from the laboratory based
bioreactor. The extraction of higher dimensionabpzeters from online DO and
irradiance data would therefore be a potentiallytfinl area for future research and

development of this technique.

The biomass in the lab-based HRAP bioreactor redes/constant post dawn PFD
(nominal 105pmol/fisec). As a consequence, the rate of dissolvedarxyg
production per unit chlorophyla in the lab-based bioreactor could be expected, in
principle, to approach a ‘steady state’ maximunugah terms of net photosynthetic
rate during the 'day’ (illumination). Figures 58.1-3 show the time-series of rate of
dissolved oxygen production per unit chlorophalfor each treatment when
corrected for respiratory losses (OUR/hour/Chl ra) paddlewheel derived oxygen
(Online_Re)*. The photoperiod is shown by the yellow bar whitgt night period is
shown by the black bar. Despite the superficialtyilar time-series of gross oxygen
production observed in Figures 5.6-5.8 three dispatterns are apparent when

Online_Pnet rates denoted as NPR in these figueesompared.

“ Note that correction for paddlewheel derived oxygeas only performed when and if oxygen
concentration was below saturation.
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Figure 5-11 Scatter-plot of net photosynthetic rate (NPR, P,) (black dots + standard
deviation (bars) obtained using online data, N = 10 days, 10 minute logging schedule. pH =
10.2 £ 0.32, open culture of C. vulgaris.Treatment 1 = Omg SCOD/mZ/day.

The time-series of Online yRfor the photoautotrophic configuration (Treatmgnt
(Figure 5.11; no added carbon); shows a sharpasera the rate of photosynthesis
leading to a maximum value (OnlingyR) early in the day; followed by a decline to
approximately half of this value. This pattern bhoge in online Pnet was
considered most consistent with carbon dioxidetétron; and this conclusion was
supported by the observation that pH of the cultuithis treatment was very high
(10.2+ 0.32) which closely corresponded to the pK2 vétuidicarbonate to
carbonate dissociation (Metcalf and Eddy 2003} iftoteworthy that as oxygenic
photosynthesis occurs, hydrogen ions are remowad $olution by the algal cells
via the cell membrane bound proton pump (Falkowaski Raven 2007) thus
increasing the pH of the culture medium and theeeftecreasing the availability of
free CO2 (carbonic acid in solution). This was ¢deed to provide an explanation
for the decline in Online_R following an initial peak. Interestingly this dew in

PretWas not observed when using the standard PI dpigathis was considered to
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reflect the comparatively short time periogd§ minutes) required for complete Pl
measurements using the standard Pl method; s@dlifibis may imply that C®
was not used up (in Treatment 1) within the sheriqal of time required to complete

a standard Pl measurement.
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Figure 5-12 Scatter-plot of net photosynthetic rate (NPR, P,) (black dots + standard
deviation (bars) obtained using online data, N = 12 days, 10 minute logging schedule. pH =
9.41 + 0.13, open culture of C. vulgaris. Treatment 2 = 100mg SCOD/mZIday.

The time-series of Online yRfor the first carbon loaded treatment (Treatment 2
100mgSCOD/rf{day) shown in Figure 5.12 displayed an increasein
photosynthetic rate post-illumination which themegned relatively constant during
the photoperiod. This result was considered counteitive when a comparison

with the more strongly carbon loaded treatmentdiment 3; 300mg

SCOD/m2/day) was made (Figure 5.13). That is, @t carbon loading in
Treatment 2 was expected to result in decreasegeoxgemand (in comparison) and
therefore result in a higher peak rate of net oryg®duction; the opposite was
observed. However, based on the temporal behawsidte photoautotrophic

treatment; which displayed a pattern variation mi_ R\ consistent with C®
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limitation (high pH= low free CQ); it was considered reasonable to conclude that
the low average Online_Pnet value in Treatment  again reflecting CO
limitation (see section below ‘Comparison of Staddand Online Photosynthesis

Irradiance Metrics’).

It should be emphasized that the dissolved oxygéa ased to create these figures
were unitized to chlorophyla concentration and respiration; therefore direct
comparison can be made without regard to differemcehlorophyll a

concentration or respiration between treatments.

The time-series for Treatment 3 (Fig 5.13) dispthgtegradual increase in
Online_Retduring the photoperiod until a maximum value wigiaed late in the
‘day’. The substantial differences in the patteir®aline_R.: observed between
Treatments 2 and 3 were not considered attributalight attenuation in the culture
(Table 5.1); initially it was considered possildi@ttithe differences in Online,d?
between these two carbon loading treatments mag tesulted from contrasting
flocculent particle (floc) morphology and an impaatlight climate for the algal
cells bound to the floc. This was based on visbakovations that Treatment 3 floc’s
were larger and had an appearance of ‘cut gragssginamon characteristic of HRAP
biomass (Fallowfield 2010 pers. com.). Confirmatadrthis assertion would have
required careful analysis of floc morphology toetetine any impact of floc
morphology on ‘light-climate’ (or other drivers photosynthesis). An influence of
light attenuation was however considered unlikbgtfveen Treatment 2 and 3) upon
comparison of Online_J data against the standard Pl measurements whietesh
that photosynthetic rate in Treatment 2 (Figuretbdppeared light saturated. That

is; the maximum rate of photosynthesig P measured using the standard Pl
90



apparatus corresponded with the maximal rate Onijpg calculated using the
online Pl approach. In this case increasing the PiEldent on the culture, a feature
of the standard Pl measurement approach, did solti@ a notable increase in

photosynthetic rate.
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Figure 5-13 Scatter-plot of net photosynthetic rate (NPR, P,) (black dots + standard
deviation (bars) obtained using online data, N = 23 days, 10 minute logging schedule. pH =
8.43 + 0.3, open culture of C. vulgaris. Treatment 3 = 300mg SCOD/m?*/day.

Comparison of Standard and Online Photosyntheagiince Metrics

Measurements of photosynthesis-irradiance curvieg tise standard apparatus were
conducted at regular intervals during the courseash of the three trials; results are
summarised for comparison against standard Plid&table 5.5. For comparative
purposes, Figures 5.14 - 5.16 show PI curves addaising the standard apparatus
and include the Online ;R parameter; maximum average Online_Pnet derived fro
the online data (overlaid in green). Black ciralegresent average net photosynthetic

rates obtained using the standard PI apparatussasilded in Hobson and
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Fallowfield (2001) and Chapter 2 and 3; the stamhdigviation of net photosynthesis
at each PFD is shown by the error bars. The equafi®Vebb et al. (1974) was used
to fit the three respective PI curves using a nioedr least squares fit for each
replicate (Hobson and Fallowfield 2001). In allesishe intersection of the initial
rate of photosynthesis (alpha) anghPspecifies |, the PFD for saturation onset of
the maximum rate of photosynthesis (Kirk 1994)acletreatment. The green circles
represent mean Online, R with the standard deviation around the mean shmwn
the green error bars. Variations in OnlinggRvas noted to be substantially less that
that observed using the standard Pl apparatusydssconsidered to reflect the noise
inherent in the highly sensitive Clarke electrodediin the standard Pl apparatus
and also the large sample size available usingehgestable but less sensitive online
electrode used in the bioreactor. From inspedctienapparent that standard Pl
measurements when compared against the Onlingatthe same PFD (105
nmol/m2/sec) were, with the exception of Treatniemtot significantly different

from those calculated using online data.

It is important to note that it was considered appiate to compare the Pnet
(standard apparatus) value obtained at a PFD ofib@&/m2/sec (rather than Pmax)
with the average maximu@nline_Pnet obtained using the bioreactor (Onkigy,
as incident light intensities above this value daudt be obtained using the
bioreactor. If bio-reactor incident irradiance wasreased to a higher level (not
possible due to hardware limitations) photosynthegtte may be expected to
increase up to the Pmax value determined withtdredard Pl apparatus for each

treatment. This would be a useful modificationte equipment for future research.

It was noted that the value qfdetermined from standard Pl Treatment 2 was a
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mean of 22pumol/Aisec, substantially lower than that observed fesiments 1 and
3; this was considered to reflect the non-stanardodal shape of the Pl curve in
Treatment 2 (Figure 5.15); calculation of Pmax gdhre equation of Web et. al.
(1974) appeared to be biased by this bi-modal shagepossibly falsely indicate a
low Ik . As to the presence of a bi-modal shape, a sedittte literature revealed no
obvious biological explanation apart from randonsapit was considered possible
that a larger sample size using the standard metiooitt be required to determine if

this pattern was real or an artefact.
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Figure 5-14 Scatter-plot of net photosynthetic rate (P, (black dots + standard deviation
(bars) obtained using standard Pl apparatus, 4 measurements in triplicate and that obtained
using online data (Online_P,,.,) (green dot + standard deviation (green bars), N = 10 days,
10 minute Iog%ing schedule. pH = 10.2 £ 0.32, open culture of C. vulgaris. Treatment 1 =
0Omg SCOD/m*/day.
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Figure 5-15 Scatter-plot of net photosynthetic rate (P, (black dots + standard deviation
(bars) obtained using standard Pl apparatus, 6 measurements in triplicate and that obtained
using online data (Online_P,,.,) (green dot + standard deviation (green bars), N = 12 days,
10 minute logging schedule. pH = 9.41 + 0.13, open culture of C. vulgaris.Treatment 2 =
100mg SCOD/m2/day.
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Figure 5-16 Scatter-plot of net photosynthetic rate (P, (black dots + standard deviation
(bars) obtained using standard Pl apparatus, 8 measurements in triplicate and that obtained
using online data (Online_P,,.) (green dot + standard deviation (green bars), N = 23 days,
10 minute logging schedule. pH = 8.43 + 0.3, open culture of C. vulgaris. Treatment 3 =
300mg SCOD/m2/day.
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Data Source

alpha
[MgO2/pgcehl_a/ h]

Dark respiration
[MgO2/pgchl_a/h

Pmax

[Hg O2/pgcehl_a/h]

(Standard PI)

Pnet
[Hg O2/pgchl_a/h]
at pond surface PFD
:105pmollm2/sec (Standard PI)

I
[pmol/mzlsec]

and
Online_Pax
Treatment 1 Pl apparatus 0.16 1.7 17.4 9.5* 109
(0.06) (0.49) (6.14) (3.5)
n=4 n=4 n=4 n=4
Online PI N/A 1.3 N/A 2.92* N/A
(0.7) (0.36)
n=10 n=10P <0.001
Treatment 2 Pl apparatus 0.01 0.16* 0.64 0.41 22
(0.008) (0.06) (0.4) (0.22)
n==6 n==6 n==6 n==6
Online PI N/A 0.50* N/A 0.55 N/A
(0.16) (0.18)
n=12P <0.01 n=12
Treatment 3 Pl apparatus 0.05 (0.02) 3.0 7.65 4.25 139
(3.4) (3.1) a.7)
n=28 n=8 n=28
Online PI N/A 3.44 N/A 3.22 N/A
(0.49) (0.19)
n=23 n=23

Table 5-5 Summary statistics for standard Pl apparatus calculations, arithmetic mean, standard deviation and sample size for HRAP operated at a
surface irradiance of 105 pmol/m?%/sec. Alpha: initial rate of photosynthesis, Dark respiration rate: respiration rate immediately prior to illumination
of culture. Pna: maximum rate of photosynthesis. P = rate of photosynthesis obtained by interpolation from PI curve obtained using standard
apparatus. Online_P,.x = average maximum of online net photosynthesis. *All treatments significantly different with respect to the median of
specified parameter (5% significance level, Kruskal-Wallis nonparametric one-way analysis of variance).
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5.4. Conclusions

A laboratory based HRAP bioreactor was designeitt, énd operated in controlled
laboratory conditions. It provided data for comgan of photosynthesis/irradiance
curves obtained using a standard laboratory Plrappawith photosynthetic rates
calculated from in-pond dissolved oxygen time-seusing a modified version of the

method proposed by Evans et al. 2003.

Standard wastewater treatment parameters were nedamud compared between
treatments and with a pilot scale outdoor systeasuRs of this comparison
indicated that oxygen dynamics and pond chemisirgmeters were not unusual for

a HRAP system operating under the variety of logdionditions applied.

Online data was used to calculate photosynthesi®swand compared with those
determined using the standard Pl apparatus. Theadon loaded
(photoautotrophic) Treatment 1 was included for parison purposes to provide a
‘baseline’ condition not subject to loading withrlsan (a condition not typically
observed in wastewater treatment systems). Oxygeandics in this treatment
displayed behaviour not inconsistent with carbamithtion; a condition which was
inferred from to have potentially impacted upon fing carbon loaded treatment
(Treatment 2). It is noted that the experimentaiglewas not intended to address

this issue directly and is a possible avenue faréresearch.

It was concluded that no significant differenceséadl in terms of the OnlineyK at
an appropriate comparison PFD of 105 pmokec in the carbon loaded treatments;

specifically that the use of online data was sidfitfor calculation of net
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photosynthesis in carbon loaded conditions; in¢hse a point on the curve defined
by incident PFD. In the photoautotrophic cultures@ment 1) a poor correlation
between the standard Pl and the Online_Pnet measuataevas observed; the most
straight forward explanation for this was considei@be that an improved light
climate was present within the standard Pl apparata that gas exchange may have

been improved due to vigorous mixing in the cultwessel.

It is argued that the results presented in thipthasupport the assertion that online
oxygen, light and temperature data can be useditolate valid photosynthesis
curves. The use of this novel approach if tranblatéo outdoor systems (Chapter 6)
would be extremely useful for assessing pond perdoice and development of
control parameters for managing treatment pondssponse to changes in influent

characteristics or season for example.
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6. OXYGEN AND TEMPERATURE DYNAMICS
BOLIVAR WSP 1

Purpose

A series of four monitoring stations were constedcand installed in the Bolivar
WSP 1 and used to monitor dissolved oxygen and d¢eayre at four spatially
distinct locations identified by Sweeney (2004 dfering with respect to
persistence of stratification. Complete and quiliédy representative data sets from
approximately two weeks of online and wet chemidata in each of February and
May 2005 were used for comparison. Regular gralpksswere collected during
each of these intensive sampling periods from i@sef four depths at each location
(surface, 25cm, 50 cm and 75 cm below surface)) sample was analysed using
standard wastewater quality parameters. Online exymd temperature data for
each day was collected at each location (nominathde 25 cm) and averaged at
each location to provide an ‘average daily’ timgesefor subsequent calculation of
photosynthetic rates, consistent with the methagiofwresented in Chapter 5.
Comparison was made against photosynthetic ratsung@aents obtained from the
Murray Bridge pilot scale HRAP system and laborgtsrale HRAP system.
Temperature data from a thermistor chain instadleebch location was used to
determine the pattern of stratification during siaenpling period at each location
with the intention of determining if stratificatigratterns influenced dissolved
oxygen concentrations. Online time-series data wenebined into surface-plot
interpolations of the pond, in the manner of Swgd@6804) for qualitative
comparisons of pond spatial behaviour with respretttese parameters. Sweeney
(2004) obtained an intensive series of snapshoplesnof DO concentration across
Bolivar WSP 1 using a hand-held probe over a 10s#awypling period in summer

(February 2000) and winter (August/September 200Bilst this work was of low
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temporal resolution in comparison to that presebtdw it was considered that the
results from the February sampling period wereast directly comparable in terms

of season.

6.1. Introduction

Until recently the WSP system at Bolivar was thgamautrient reduction stage of
treatment provided to sewage from the north-westeburbs of Adelaide prior to
effluent disposal at sea. It was constructed agpavallel series of three shallow
WSP ponds, with a combined area of approximatefyt3dctares and a retention
time in each treatment train of approximately 3gsciat the time of writing effluent
from the system not recycled for agricultural onfpmtable use was disposed to sea
via a concrete lined outflow channel (to Gulf Sh&&nt) of approximately 12
kilometres length.

As discussed in Chapter 2, 3 and Chapter 5, the nfasxygen produced per unit
time from algal photosynthesis is a key parameteddor determining ‘capacity’ of
an aerobic algal-based wastewater treatment pracessufficient oxygen must be
produced by phytoplankton to meet respiratory nesuents of an aerobic
heterotrophic biomass for it to stabilise the rarttiload applied to the pond via the
addition of wastewater (Oswald 2003, Davies-Codlegl. 2005).

Measurements of oxygen evolution per unit algaiizies conducted at a series of
light intensities and corrected for oxygen loss ttualgal respiration can provide a
useful measure of net photosynthesis (Harris 1884,1994, Reynolds 2006,
Falkowski and Raven 2007) and as shown in ChaptanSeveal aspects of pond
ecology that are not apparent from simple measunthaé bulk DO. As revealed
with the laboratory-based system described in Gndptestimates of algal

productivity as inferred by measurements of phattsstic activity are more
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accurate if contributions to the time-course of @@ they physical (e.g. atmospheric
re-aeration) or biological (e.g. non-oxygenic origars) are better understood.
Within the WSP, as with the Murray Bridge pilot-Ec®iRAP and indoor laboratory-
based HRAP bioreactor, the atmosphere providedi@s@nd sink of oxygen via.
As with these other systems, losses from diffusiothhe atmosphere are not well
addressed in the literature and are ignored fopthmposes of this discussion, whilst
noting that this is an area requiring further resleaThe method of determining
OUR for the pond biomass adapted for use in Ch&péed proposed in Fallowfield
et al. (2001) and Evans et al. (2003), was appligid modification due to the fact
that a constant mixing (and liquid velocity) inddagmospheric diffusion term was
not present. The theoretical impact of wind spewtidirection on flow patterns of
the WSP was carefully assessed by Sweeney (200%) cemputational fluid
dynamic (CFD) modelling. Shear stress resultiognfivind moving across the
water body surface and driving the formation ofavinduced circulatory currents is
unambiguously shown in the literature (Kirk 1998yveeney (2004) showed that a
CFD model of the WSP displayed a ‘rapid departtoemfquasi plug-flow conditions
above 3m/s (10.8 km/h) for all wind directions’wiais concluded from this work that
flow predicted by th&€€FD model of the pond was unaffected by modelled wind
speeds lower than 10.8 km/h. Nevertheless a validatudy using in-situ
deployment of drogues by Sweeney (2004) revealedtvious first-order
relationship between wind-speed and pond flow ugtpor wind direction and pond
flow direction at any depth”. It was noted by theheor that hydraulic regime, in
contrast to other similar studies, varied in reggotovariations in wind velocity and
that the pattern of flow was qualitatively depertdamthe previous (flow pattern)
equilibrium in the pond.

On the basis of this information it was not consedepossible to incorporate an
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oxygen diffusion term from the atmosphere intoreates of OUR (Section 6.3.4). It
was considered likely that the magnitude of thisree of error would correlate
positively with wind speed as CFD simulations oh@dlow suggested that wind
induced circulatory currents would form. Such esroould therefore be particularly
significant during strong wind events. Whilst inmmiple it would seem reasonable
to minimise this error by restricting analysis &ripds of low wind velocity; the
observation by Sweeney (2004) that pattern of fleag dependent on previous
equilibrium as well as variations in wind velocgiyggested that such an approach
would not necessarily provide data with lower esroroxygen diffusion estimates or
be more representative of the true state of thesydNevertheless, Sweeney et al.
(2005) showed that duration of stratification cob&predicted with a reasonable
level of accuracy using a CFD model when wind viyoeas less than 1.5m/s; and
provide an indication of the extent of local mixiwhen inversions break down or
form (Sweeney et al. 2005a).

A possible means of quantifying contribution of aspheric oxygen to the pond in
future studies could be by collection of contemperas measurements of fluid
velocity at a series of depths across the ponthfapurpose of calibration and
validation of the CFD model and empirical calcudas of atmospheric gas transfer.
While noting the challenges outlined above, contm@peous measurements of
temperature, light and dissolved oxygen were ctdkkat four locations in the WSP
during two periods of 2005 and used to characténseynamics of photosynthesis
during these periods. The average time-seriesrpaifalissolved oxygen
concentration and temperature versus time weretgtinaly and quantitatively
assessed against the pattern observed in the MBridge HRAP and laboratory
based system to establish if patterns of chan&# in the WSP appeared unique or

if more general properties may be common to adlélsystems.
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Detailed descriptions of both the physical anddgatal aspects of the Bolivar WSP
system including not covered in this Thesis arevigiexd in the works of Herdianto
(2003), Sweeney (2004), Yamamoto (2007) and SRO&Q) and peer reviewed

publications by these authors.

6.2. Materials and Methods

In addition to the descriptions below, materiald amethods used to assess oxygen

dynamics using online data in Bolivar WSP 1 carfdomd in Chapters 4 and 5.

6.2.1. Sampling and Experimental Design

Sampling locations are shown in Figure 6.1. Eachtion was selected on the basis
of work by Sweeney (2004) to provide spatial cogeracross Pond 1 in locations
that were known to often differ in terms of striatition frequency and duration and
distance from the pond inlets and outlets (ChapteAssessment of pond
stratification frequency (Section 6.3.2) showedialigatively similar pattern of
stratification to that observed by Sweeney (2084xch of the monitoring stations
was furnished with online dissolved oxygen unitd antput was logged
electronically and powered by a solar panel andlé@g acid battery (Chapter 4).
The dissolved oxygen probe at each site was placadominal depth of 25 cm
below water level with temperature measured usmgrdine sensor physically
attached to the DO probe at each location.

Turbidity and chlorophyll fluorescence were loggesihg a Scufa™ fluorescence
probe at the North Eastern (NE) monitoring locattontemporaneously with
dissolved oxygen and temperature. Due to techpicddlems with the Scufa™
calibration this data was considered not to beufifcsent quality to be presented.

Thermistor network

The 15 location thermistor network developed amuaed by Sweeney (2004) was
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refurbished, redeployed and maintained during 0682005 calendar years and
data collected. For the purposes of concisenessedendhnce to the research focus of
this Thesis, only data obtained from the thermist@in locations corresponding to
the dissolved oxygen monitoring stations are pregk The additional temperature
data files corresponding to other locations wowdddquired to perform CFD of
hydraulic conditions in the manner of Sweeney (2004e design depth of Bolivar
WSP 1 was 1.2m. Each thermistor chain was therefloleto extend automatically

to cover this depth interval. It was noted howehat depth to sediment at the four
sampling locations was generally of 1m or lessrauthese sampling periods.
Presumably the result of sediment accumulatioheénpiond due to the extensive
activated sludge carryover that was observed duratly sampling periods. This was
particularly noticeable during the May 05 samplpggiod when a sludge blanket
approximately 25-50cm thick was observed at thet ipbrtion of the pond and at the
SW monitoring station. As such the configuratiorthed thermistor chains provided
the following four nominal intervals from the posadrface to the base of the pond,;
10cm below surface (attached to float), 25cm bedavface, 50cm below surface and

75cm below surface. This convention was followethm presentation of data.
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Figure 6-1. Plan diagrammatic view of Bolivar WSP 1. Online monitoring stations were
installed at locations G (North West), | (North East) E (Centre) and A (South West). After
Sweeney (2004); reproduced from Chapter 4 for convenience.

Sampling and Downloading Schedule

All online monitoring equipment was programmedeéoard data synchronously.
Each data-logger was programmed to record dataeatals of 5, 10 or 15 minutes,
dependant on the time estimated before exceedparity of the memory. All
loggers were programmed to cease logging once nyecapacity was reached.
Data downloading schedule was nominally set to eekervals as this provided
opportunity to clean the DO probe heads of accutadlbio-film. Weather
conditions were primary in determining actual sangptlate due to safety
considerations. Loggers typically operated for tmeeks before running short of
memory; however bio-film growth was generally algem within a week of
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cleaning and in a matter of days during some wapeaods of weather.
Observations of bio-film growth on DO probes weoted and checked against a
handheld DO probe response to ensure that unbtgadepresentative of the pond
dissolved oxygen at that location was used foryamal The online DO data collected
during the two periods presented in this chaptey ezmsidered to be unaffected by
bio-fouling due to frequent sampling events (twpeg week). It was noteworthy that
the summer sampling event reported in Sweeney {2084 undertaken during
February 2001, therefore providing the opportutotynake comparisons at an
equivalent time of year (season).

Wet Chemistry

Standard water quality parameters, as listed irp@na were measured for each
sample taken from the specific depth at each ofdbelocations.

Light Attenuation

PAR (umol/ni/sec) incident on the surface and the nominatethdemssing
through the culture were measured using a quantmsos (SKE-510 400-700nm
PAR) attached to the outside of an acrylic tuben(@bdiameter) and lowered
through the culture at 50 to 250 mm depth incremdvieasurements were
conducted as regularly as conditions allowed.

Online PAR

PAR (umol/nf/sec) within 75cm of the pond surface was measusety a quantum
sensor (SKE-510 400-700nm PAR) and logged electatigi

Pond Dissolved Oxygen Dynamics

Online data from each of the four sampling locaiaras processed according to the
methodology detailed in Chapter 5 to produce ontiata derived photosynthesis
response curves for each location, during the pered of interest (Figures 6.32-

6.33).
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Surface Plots

Online data from each of the four sampling locaiaas processed using the
macro’s and script files detailed in (Appendix A)droduce surface-plots of
parameters based on DO and temperature. Wind tekod PAR data was included
adjacent to each surface plot to provide full cagerof online data collected at each
time-step.

Sampling Periods

Data from two periods of 2005 were presented, Flrug” - 28" and May 1st —
11"inclusive. Both of these data sets differed suttithy in terms of water
temperature, incident irradiance and pattern atigtration. Whilst the data was
obtained in different seasons it was not considpossible to infer seasonal trends
based on a data set that did not cover repeatémtipesf multiple years nor include
the winter and spring. Nevertheless the data aatysis presented below allowed a
detailed examination of oxygen dynamics in thigéaWWSP large pond, where
parameters (light, temperature and chloropl®llaccepted in the literature as
driving photosynthetic activity in algal ponds,fdiled enough between sampling
periods to provide an opportunity to reveal meafihigteractions between them.
The advantages of studying a well characterizetésys terms of depth, loading
rate and retention time are obvious when attemptngveal ecological
relationships in complex biological systems. Thaswnade clear during field work
when pond depth was observed to vary across the ¢ghos to sludge accumulation
during 2004 and 2005, particularly so at the SW itooing site during the May
sampling period. Variations in the depth to seditwegre apparent across the pond
in comparison to the work of Sweeney (2004), as siwas initially considered
likely that the specific findings regarding hydraulow predicted by CFD modeling

may have changed in the intervening period ancetber require additional work to
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update for direct comparison. Nevertheless, pattefstratification in the WSP
(Section 6.3.2) revealed a substantial degreemfamance in qualitative terms with
those reported in work of Sweeney (2004). This satgyl that apparent differences
in sludge accumulation across the pond were néitmift to vary large scale
patterns of mixing.

6.3. Results and Discussion

6.3.1. Standard Measures of Pond Performance

Summary data showing mean and standard deviatidisseblved oxygen,
chlorophyll a, suspended and volatile suspended solids, orgaadicnorganic
carbon and pH for two depths (25cm and 75cm), eadrtight attenuation and
stratification status at each location for the Baby and May sampling periods are
provided in Tables 6.1 - 6.4. Grab samples (Tabl#sand 6.2) were obtained from
each sampling location in systematic order; i.e, §&ntre, SW and then NW. At
each sampling location 1L water samples from 250th#cm below surface were
obtained within a few minutes of each other, eachiplicate. Parameters such as
DO and pH were measured at the two depths inmsitnadiately before or after
water samples were collected. Sampling of the $ites required approximately 2
hours; with sampling planned to begin in the midanreg (10 — 11am). Logistically
it was not always possible to begin at this timejlarly, when sampling at a
location, repairs or other requirements could addddlay sampling. It was therefore
considered that grab sample data obtained for twghmpling location’ depth
comparisons could, in principle, be made with numexision than comparisons
‘between sampling location’ due to the time delayween the sampling of separate
locations. The data shown in Tables 6.3 and 6.4olgsned from online monitoring
equipment located at the four monitoring statiazatemns during February and May

2005.
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Location Depth DO Chl_a SS VSS TOC IC VAC (Kd [PAR] m-1 T pH
(cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) [°C]

| (North East) 25 4.9 (0.73) | 0.018(0.018) | 13.3(3.5) | 10.8(4.8) | 21.6(6.1) | 49.0(1.2) 212 24.6 (1.8) | 7.6 (0.05)
75 4.8 (0.57) | 0.011 (0.009) | 13.8(5.3) 9.8 (4.1) 19.2 (2.5) | 49.1(0.9) n=3 23.8 (1.7) | 7.7 (0.05)

G (North West) 25 4.9 (0.33) | 0.019(0.023) | 12.3(5.4) 9.0 (3.7) 18.0(1.8) | 47.6 (4.3) 2.14 25.2(1.2) | 7.6 (0.14)
75 4.8 (0.67) | 0.012(0.013) | 13.3(4.1) 9.5 (3.3) 12.8 (6.5) | 50.1 (4.5) n=3 23.1(1.5) | 7.7 (0.08)

E (Centre) 25 5.1 (0.33) | 0.017 (0.009) | 9.4 (5.6) 6.8 (3.2) 17.8(5.2) | 50.0 (1.1) 2.20 24.2 (1.4) | 7.7 (0.05)
75 4.9 (0.35) | 0.012(0.009) | 12.8 (4.4 7.9 (3.0) 18.3(2.4) | 49.7 (0.3) n=3 23.8(1.2) | 7.7 (0.04)

A (South West) 25 4.6 (0.46) | 0.012 (0.003) | 12.6 (2.7) 9.3 (2.4) 16.3(2.1) | 44.2(7.4) 2.30 25.2(1.6) | 7.5(0.21)
75 4.5(0.48) | 0.014 (0.006) | 14.8(4.0) | 11.9(3.1) | 18.8(5.9) | 44.3(6.9) n=3 24.7 (1.8) | 7.5(0.22)

Table 6-1 Arithmetic mean (x standard deviation); DO = dissolved oxygen, Chl_a = chlorophyll_a, SS = suspended solids, VSS = volatile

suspended solids, TOC = total organic carbon, IC = inorganic carbon, VAC = vertical light attenuation coefficient, n = 4 grab samples during period

16" — 28™ February 2005.

Location Depth DO Chl_a SS VSS (mg/L) | TOC (mg/L) IC VAC (Kd [PAR] T pH
(cm) (mg/L) (mg/L) (mg/L) (mg/L) m-1 [°C]

| (North East) 25 9.6 (1.91) | 0.010 (0.009) 12.5(0.8) 11.3 (5.6) 17.9 (8.5) 29.8 (8.0) 2.31 20.2(1.0) | 8.2(0.47)
75 10.0(1.91) | 0.025 (0.011) | 33.6 (19.2) 14.4 (5.6) 22.0 (8.0) 27.8 (8.1) n=4 19.3(0.3) | 8.4(0.47)

G (North West) 25 12.1(1.77) | 0.278 (0.468) | 16.9 (12.0) 15.6 (9.4) 26.2(9.2) | 243 (11.7) 2.16 19.8 (1.3) | 8.6 (0.27)
75 13.5(3.39) | 0.058 (0.039) 21.1 (5.9 11.3(8.3) | 27.3(12.2) | 23.9(12.2) n=4 18.9 (0.6) | 8.7 (0.34)

E (Centre) 25 12.2(1.91) | 0.010 (0.002) 11.5 (4.0) 9.3 (5.0) 25.8(8.0) | 22.2(10.1) 2.61 19.9(1.2) | 8.5(0.23)
75 11.4 (5.3) | 0.532(0.706) | 47.5(33.2) 23.5(21.1) | 23.0(6.2) 24.2 (8.3) n=3 19.0(1.3) | 8.6 (0.14)

A (South West) 25 8.0 (4.81) | 0.124 (0.169) | 25.0(25.6) 20.7(20.4) | 21.4(7.7) | 23.0(11.1) 2.25 21.8(0.5) | 7.3(0.12)
75 8.7 (0.64) | 0.231 (0.275) | 112.4 (124.7) | 58.9(58.5) | 23.1(8.8) | 23.0(11.8) n=4 20.7 (0.1) | 7.5(0.31)

Table 6-2 Arithmetic mean (z standard deviation); ); DO = dissolved oxygen, Chl_a = chlorophyll_a, SS = suspended solids, VSS = volatile
suspended solids, TOC = total organic carbon, IC = inorganic carbon, VAC = vertical light attenuation coefficient, n = 4 grab samples during period
1st — 11th May 2005.
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Biomass

As the standard proxy for algal concentration; ohpdyll_a concentrations between
locations are shown in Table 6.1 and 6.2. Chlortphyoncentrations observed
during February 2005 at all locations were extrgnml by comparison with the
findings of Sweeney (2004); approximately 1.5 osdgfrmagnitude lower than
would be typical of a facultative WSP. This wadeeted in the similarly low
concentrations of suspended and volatile suspeswlats; which again, were
approximately 1.3 orders of magnitude lower thanrttean value of 128 mg/L of
Sweeney (2004). The measurements undertaken byn8w€2004) were completed
prior to the change in pre-treatment at the BolW&WNTP; specifically the
incorporation of an activated sludge system poaetease of this treated effluent
into the pond system and the conversion of the \M&Pa maturation pond. The
substantial differences observed between theseestudterms of biomass
concentration were likely to reflect changes irluaht characteristics following
commissioning of the activated sludge plant duéfg1. Work reported in
Yamamoto (2007) and Yamamoto et al. (2010) was wcted concurrently at
Bolivar with the work presented in this Thesis; Yanoto (2007) placed a series of
transparent microcosms at the NW sampling site'spikled’ the microcosm tubes
with either a nitrate/nitrite or ammonia solutiggod water only in control) in order
to track the progress of in-situ nitrification potel of the Bolivar WSP.

Increases in chlorophylh concentrations within each microcosm treatmenindur
incubation (21 days) were between approximatelytd B8 orders of magnitude in
both treatment and control microcosms: but incré@as@bsolute terms only to
relatively low levels (40 — 600 pgClHa/L) suggesting that nitrogen limitation was
not likely to be responsible for the extremely lmasitu chlorophyll a

concentrations observed in the ponds. Other exptarsafor low phytoplankton
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productivity considered were carbon limitation, @induced mixing, clearance by
zooplankton, photoinhibition and sedimentation.

Such low concentrations of chlorophylin a WSP can be considered very unusual
as a search of the literature did not reveal a#kamples; this may reflect the
unusual wastewater received by Bolivar WSP 1 (bat 8on Sperling and
Mascarenhas 2005) or more likely the relativelyiten extent of research into
maturation pond photobiology. Interestingly, receloservations of maturation
ponds at Williamstown and Tanunda revealed a sirpé¢tern of low chlorophylla
and minimal light attenuation (N. Buchanan persnc2010).

Changes in biomass concentration observed acregsotid during the May 2005
sampling period were substantially more variedamparison to those observed in
February 2005. Chlorophykh concentrations during the May 2005 sampling period
at the_ NEsampling location were of similar magnitude tosh@bserved in February
2005, this often contrasted strongly with thoseeobsd at one or both depths at the
other sampling locations. For example, at the Nwiang location (site) the mean
chlorophyll_a concentration was approximately an order of magiithigher than

the NE site at the 25cm depth in May 2005, this alas the case in comparison to
the NE and the SW site.

It was considered noteworthy that median chloroplyhnd suspended solids
concentrations varied significantly (P<0.01, 5%ns#figance level, Kruskal-Wallis
nonparametric one-way analysis of variance) witpeet to depth at the NW, Centre
and SW sites during May 2005. Differences in chpbrdl_a (algal biomass)
concentration during May 2005 were not necessegflgcted in a substantial change
in suspended solids, e.g. the NW site showed agr @fdnagnitude difference in
chlorophyll_a between the 25cm and 75cm depth antbpposite trend in

suspended solids but not volatile suspended sdllis.complexity in these patterns
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was considered most likely to reflect variationdydrodynamic conditions
(stratification and possible preferential flow)iakerred by temperature profile
variations (Section 6.3.2). It was considered notghy that a substantial sludge
blanket (approximately 25cm depth) was preserti@head of the pond in particular
during the May sampling period, apparently duengdficiency of the sludge
clarifiers used in the activated sludge processs(m®m. Site Manager Bolivar
2005) and this was reflected in the high suspemsoéds/volatile solids observed at
the SW monitoring location during May of that year.

Inorganic Carbon

Bacterial respiration is considered to be the nsaurce of CQfor algal
photosynthesis in wastewater treatment and marer atijuatic systems (Chapter 2,
3, 5). Tables 6.1 and 6.2 show the results of@hadsay for WSP samples collected
during February and May 2005. A substantial ‘draowd’ in terms of inorganic
carbon was apparent during the May sampling penadmparison to the February
sampling period; as was a general increase in pHXh These observations were
considered consistent with the conclusion thasrateohotosynthesis were higher
during May. It was considered possible that the lmoation of relatively low IC
during May and high pH at the NE, NW and Centre@arg sites could have
limited photosynthesis during periods of the dag@A 1982); assuming sufficiency
with respect to other resources. That is, theiugigthigh algal biomass
concentrations present at some sites during theddmpling period may have, by
their photosynthetic activity, raised pH concerntrag sufficiently high and drawn
down concentrations of carbon substrate (IC) setfitty low to produce limiting
concentrations of this resource during the days plissibility was supported by
results shown in Chapter 5 where a combinatiorlatively high pH and moderate

IC concentration (Treatment 2) were may have lichdarbon substrate availability.
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Further to this the NE sampling location displayteel least drawdown of IC in
February compared to May addplayed the lowest phytoplankton concentration.

Light Attenuation

Measurements of pond vertical attenuation coefliisi¢VAC) (Table 6.1 — 6.2) were
not clearly correlated with differences in chlorgjpha concentration and by
implication algal concentration. Light penetratibmough the water column was
observed to be quite consistent when comparingéheuary and May sampling
periods despite the substantially different chldngp a concentration. This
observation was considered likely to have resutaah changes in flocculent
particle morphology; with a more floccular (transp&) biomass noted in field
observations during the May period (Chapter 5,i8e@&.3.1).

Representative examples of light attenuation cungesl to calculate VAC were
provided as Figures 6.2 and 6.3; and showed ligkhsity as a function of depth
during the February and May 2005 sampling periedpectively. The attenuation
function of Kirk (1984) was fitted to each data @#itted line) and used to calculate
VAC. A distinct contrast with respect to light atteation was noted with respect to
the observations of Sweeney (2004) and Weath&@lll) where extinction of PAR
in Bolivar WSP 1 was observed at a depth of typraad more than 30cm. On many
occasions during field work in 2004 and 2005 th&dwo of the pond was clearly
visible to the naked eye. This was later assumguideide opportunities for algal
growth on the sediment during these periods; tentof contribution of potential
microphytobenthos (MPB) to algal productivity wast quantified and is
acknowledged as a potential source of error ircteulation of oxygen dynamics.
Significant light penetration to the sediment W&P can be considered very
unusual and a search of the literature did notalesther examples; as discussed

above, recent observations of maturation pondsiliaWstown and Tanunda
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showed a similar pattern of low chlorophyll_a anidimal light attenuation (N.

Buchanan pers. com. 2010).
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Figure 6-2 Scatter plot of representative data of PAR versus depth for NW (location )
February sampling period, Mean and standard deviation, n=3. Line of best fit (Kirk 84) used
to calculate vertical attenuation coefficient (VAC = 2.14). Ed(z) = light intensity at depth z,
Chlorophyll_a concentration = 0.019 mg/L.
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Figure 6-3 Scatter plot of representative data of PAR versus depth for NW (location 1) May
sampling period, Mean and standard deviation, n=4. Line of best fit (Kirk 84) used to
calculate vertical attenuation coefficient (VAC = 2.14). Ed(z) = light intensity at depth z,
Chlorophyll_a concentration = 0.278 mg/L.

6.3.2. Factors Associated with Patterns of Change in Pond Temperature
and Thermal Stratification

The novel three-dimensional temperature profilipgraach of Sweeney (2004)
using a series of ‘thermistor chains’ was appl@dgdsess thermal changes in the
pond during each sampling period. Sweeney (200#gated thermal profiles at 9
locations across the pond during 2001 and 2002esponding to the locations
shown in Figure 6.1; in addition to individual teenpture probes placed in three
inlet and three outlet pipes. A description of tiermistor units is provided in
Chapter 4 and in detail in Sweeney (2004). A thstonichain was installed at each
of the four monitoring stations to provide dataresitu thermal gradient for
calculation of stratification status and tempemiarcomparison to dissolved
oxygen; with measurements logged at 10 minutevater Tables 6.3 and 6.4 show
summaries of online data collected during the Fatyrand May sampling periods

respectively and includes dissolved oxygen coneaéinty, stratification status and
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wind velocity. The temperature data shown in Tablésand 6.2 were collected for
confirmation of calibration of the resident thertarschains but were of low
resolution in comparison to that obtained fromttiermistor chains and were not
included the following discussion.

The criteria for identifying stratification was mided by Sweeney (2004); with a
stratification event being indicated by a tempeawatlifferential of -0.6 < x > +0.6
per meter of pond depth. Sweeney (2004) used aesfilion this data; presumably
to assist in the precise determination of theragttt depth for the purposes of CFD
simulation of hydraulic and thermal conditions. Bipececision was considered
unnecessary in the context of assessing oxygemuygeavithout the benefit of
contemporaneous CFD predictions for comparisorsuth data from the 25cm
nominal depth in the thermistor chain (equivalegptth to online DO probe) was
compared by subtraction with the bottom thermiatwat normalised to a depth of 1m
to provide units identical to those of Sweeney @0This provided the quantity
‘T25_75’ in units of°C/m.

From inspection of Tables 6.3 and 6.4 it is appiatfeat average stratification across
the pond displayed a distinct and contrasting patténen comparing the February
and May sampling periods. Positive stratificatioems, i.e. temperature gradient
per metre > 0.8C towards the surface, were dominant during theUsel period

with the exception of the NE monitoring locatiorheve thermal gradient conditions
were on average iso-thermal. The NW sampling loocadisplayed strongly stratified
conditions during the entire 11 day February samgptieriod, with a mean thermal
gradient of 6.5°C/m and a maximum value of 10.8°CFhre majority of

stratification events observed in summer by Sweé2@94) were of duration less
than 10 hours; however some longer term stratioatvents were observed,

especially at the NW and SW sampling site; withhbaftthese sites displaying
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stratification events lasting 50 hours or more tethan 30% of the time (Sweeney
et al. 2005a). On average the pattern of mean textyve variation at both the 25cm
depth and at the bottom of the pond at each latahiming the February sampling
period was considered to be quite small as indichyethe standard deviations
calculated from this online data when comparedhéoabserved maxima and minima
(Table 6.3). This was considered consistent wighabservation that stratification
events during this period were of generally longation during the February
sampling period (implying limited mixing).

During the MaySampling period a contrasting pattern of strattimn was observed
(Table 6.4), with the most frequent stratificaterents showing an inverse
thermocline (warmer at pond bottom), with the N\t slisplaying isothermal
conditions on average; all other locations dispdiaiyegative stratification on
average. Summary data consisting of ‘box and whiglas’ (box-plots) of
temperature measured at each monitoring locatioinglthe February and May
sampling periods are shown in Figures 6.4-6.6athecase the horizontal bar
represents the median value, the shaded areashboxs the inter-quartile range,
whilst the ‘whiskers’ show absolute range for edala set. Pond temperature at the
25cm depth in each location is displayed in Figure and reveals a substantial
difference in median temperature at 25cm depthi &cations between the two
sampling periods; with the May median pond tempeeabeing cooler; this was
consistent with the contrasting patterns of changhily temperature between these
two sampling periods (Tables 6.3 and 6.4). Varraiaround the median
temperature values were observed to be considegadiger during February
compared to the May sampling period at all locatioith the exception of the SW
sampling site. This difference with respect to 8w sampling site was considered to

reflect the proximity of the pond inlets (influerf§weeney 2004).
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Figure 6.5 and 6.6 shows box plots of temperatuad depths for the February and
May sampling periods respectively, with each degtiegory grouped together. It
was considered of note that the median value andtia around this measure of
central tendency during Februamas generally consistent across all sites with the
notable exceptions of the NW site where a highhgigéent stratification event
occurred and the SW site where variation aroundrtedian was comparatively low.
The observation of a sludge blanket at the SW logatas considered to explain
this anomaly at the SW site; it was consideredyikieat the sludge provided
insulation from the extremes in temperature obskdreing this period. A similar
observation with respect to the SW site was natethie May sampling period,
where variation around the median at the 75cm dgqthd bottom) was low, again
this was considered to reflect the presence aidgs! blanket at this location.
Variation at the SW location during Mayas, however, increased at the shallower
depths above this sludge blanket; this was corsitécely to reflect the proximity

of this site to the warmer influent during the @dime of year. Whilst the summary
data provided in Tables 6.3 and 6.4 and Figuresads6.6 was considered to
adequately characterise the average pattern ohtaine variation across the pond
during these two time periods; a more ‘*holistichag-picture assessment of
variation was apparent through inspection of s@rfalots of data for each 10 minute

data logging event.
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Location Depth DO (mg/L) | T (°C) Tmax Tmin TD25_75 S () Air Temperature | Wind Wind
(°C) (°C) (°C/metre) (°C) Speed Direction (°)
(km/h)
I (North East) 10cm - 23.2 (2.0) 27.5 18.8 0.2 (0.6) Iso-thermal | 21.5 (4.6) 12.7 (8.3) | 170 (95)
25cm 4.7 (1.4) 23.1(1.9) 27.5 18.8 Max = 4.92 Max = 35.7 (Southerly)
Max = 8.9 Min =-0.2 Min = 13.5
Min=1.2
50cm - 22.9(1.8) 27.2 18.7
Bottom | - 23.1(1.4) 27.4 18.8
G (North West) | 10cm - 23.8 (1.7) 27.6 20.3 6.5 (1.5) Strongly
25cm 5.7 (1.2) 26.3(1.4) 294 23.1 Max = 10.8 +ve
Max = 9.8 Min = 4.0
Min = 2.9
50cm - 23.8 (1.5) 27.1 20.6
Bottom | - 23.0 (1.0 25.1 20.7
E (Centre) 10cm - 23.1(1.8) 27.1 18.8 -0.6 (1.6) Iso-thermal
25cm 4.2 (1.3) 22.9(1.8) 27.0 18.7 Max = 4.4
Max = 8.0 Min = -3.2
Min = 0.4
50cm - 22.8 (1.8) 26.5 18.7
Bottom | - 23.3(2.1) 27.1 18.7
A (South West) | 10cm - 23.2(2.0) 27.7 18.6 1.8 (3.7) +ve
25cm 4.9 (1.4) 23.4(1.9) 27.0 18.7 Max = 10.46
Max = 8.6 Min =-5.3
Min = 1.8
50cm - 22.8 (1.8) 26.6 18.5
Bottom | - 22.5(0.5) 23.1 21.5

Table 6-3 Arithmetic mean (x standard deviation) and sample size (1712 measurements at 10 minute intervals unless specified); for pond
dissolved oxygen concentration (DO), T = temperature, Tmax = maximum temperature recorded, Tmin = minimum temperature recorded,
TD25_75 = temperature difference between 25cm depth and bottom (75cm nominal depth), S = stratification status (+ve > 0.6C per metre, -ve < -

0.6C per metre), during the period 16™ — 28" February 2005.
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Location Depth DO (mg/L) T (°C) Tmax (°C) | Tmin (°C) | TD25_75 S(x) Air Temperature | Wind Wind Direction
(°C/metre) (°C) Speed | (degrees)
(km/h)
I (North East) 10cm - 16.7 (0.8) | 19.0 14.6 -3.6 (0.3) Strongly 17.8 (4.3) 11 (6) | 142 (98)
25cm 8.5(1.7) 16.6 (0.8) | 19.0 14.6 Max =-1.4 -ve Max = 31.5
Max = 12.7 Min =-3.9 Min = 9.4 (South Easterly)
Min = 3.8
50cm - 16.7 (0.7) | 18.5 15.0
bottom - 18.4 (0.8) | 20.5 16.5
G (North West) | 10cm - 17.7(0.8) | 195 16.0 -0.30 (1.4) isothermal
25cm 8.4 (2.8) n=1488 | 18.4(0.8) | 20.2 16.7 Max = 2.8
Max = 14.2 Min =-3.0
Min =0
50cm - 17.8(0.9) | 19.8 16.0
bottom - 18.5(0.5) | 19.6 17.7
E (Centre) 10cm - 17.1(0.9) | 19.0 14.9 -2.0 (1.3) -ve
25cm 8.9(1.7)n=1515 | 16.9(0.9) | 18.8 14.9 Max = 1.5
Max = 13.2 Min =-4.3
Min =5.4
50cm - 16.9(0.9) | 18.8 14.9
bottom - 18.0(0.7) | 19.2 16.6
A (South West) | 10cm - 18.5(1.3) | 22.3 15.6 -0.7 (2.6) -ve
25cm 5.9(2.4)n=1506 | 19.7 (1.3) | 23.7 16.9 Max =7.1
Max = 13.8 Min =-7.4
Min =2.5
50cm - 186 (1.1) | 21.7 15.9
bottom - 20.1 (0.3) | 20.7 19.6

Table 6-4 Arithmetic mean (x standard deviation) and sample size (1517) measurements at 10 minute intervals unless specified); for pond
dissolved oxygen concentration (DO), T = temperature, Tmax = maximum temperature recorded, Tmin = minimum temperature recorded,
TD25_75 = temperature difference between 25cm depth and bottom (75cm nominal depth), S = stratification status (+ve > 0.6C per metre, -ve < -

0.6C per metre), during the period 1st — 11th May 2005.
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The surface plotting method of Sweeney (2004) wadified to include dissolved
oxygen and PAR data (Appendix A). The surface phage ‘stitched’ together in
sequence to produce a 2D time series (data mdeg) &ind are provided on the
attached optical disk (Appendix B) for viewing @faf sampling period. The

complete online data set are presented in the 3enfites for each of the February

and May sampling periods.

A. DO (mgDOI/L), T °C (25cm depth), PAR (umofits), Wind (km/h)

B. DO, T25_ 75 stratification (°C/metre), PAR, Wind

C. DO_rate (mgDO/hour), T25_75 stratification (°C/negtPAR, Wind

An ‘average day’ data set was then constructeddeige a means of reviewing
longer-term patterns of change. This was constdugyetaking an average of each 10

minute time-step across all of a sampling periothfimidnight to midnight. The
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resulting data file of 144 average values (10 odays data) at each 10 minute time
increment was used to prepare another series oferfies of the form D, E and F

for both February and May.
D. DO (mgDO/L), T°C (25cm depth), PAR (umofis), Wind (km/h)
E. DO, T25_75 stratification (°C/metre), PAR, Wind

F. DO_rate (mgDO/hour), T25_75 stratification (°C/ne@tPAR, Wind

February 2005 Thermal Gradient Surface Plots

Figures 6.7 — 6.10 display an ‘average day’ fraroefeach of four periods;
midnight, dawn, mid-day and sunset for the Febrpanod. In each case an average
two-dimensional ‘Kriging’ least squares model wasstructed of temperature data
collected over the full period 11 days of samphghat time of day. The Kriging

2D interpolant across the ‘pond’ surface was detgethby the empirical
temperature profile data collected at each of dlwe monitoring locations; each
black line on the surface is an ‘iso-therm’; a lofeequal temperature. The orange
coloured areas of the pond indicated where a \&ttermal profile was predicted to
have a higher temperature (> +&m) at the 25cm depth from the pond surface
than at the bottom of the pond, a positive stiation. White colouring showed
isothermal conditions through the depth profileenehthe temperature differential
between the 25cm depth and bottom of the pond weaigqted to be within the
range; -0.6C/m < x <0.6C/m. The blue colouring showed conditions of negati
stratification, where the pond was predicted toehavower temperature (< -
0.6°C/m) at the surface compared to the bottom of trelpThe empirical

temperature data was collected at each of thenfmunitoring locations, identified by
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a cross (+). Whilst the spatial resolution of theface plots in comparison to the
investigation of Sweeney (2004) was reduced; tiniase plots (6.70 — 6.10) were
considered to display a strong qualitative simtyawith the findings of the work by
Sweeney (2004); particularly with respect to thesiggence of stratification at the
NW and SW monitoring sites. It was however congderery likely that the use of
data with a higher spatial resolution (all 9 samgliocations) would improve the
accuracy of predicted temperature at locations éeitvthe sites. This was, however,
considered unnecessary for the purposes of guaditedbmparison of spatial trends
of temperature and dissolved oxygen (Section 6.3.3)

At midnight (Figure 6.7) both the NW and SW locaBavere, on average, positively
stratified whilst the Centre and NE sites displaigadhermal conditions. Wind
direction was, on average, from the southeast anthverage speed of
approximately 14km/h. By interpolation providedthg Kriging method, the pond
was predicted to display negative stratificatiothie eastern portion (blue colour);
this prediction however would require validatioraaagt the higher spatial resolution
data set and was considered unreliable. Such tiontgof interpolation of surface
plots (as for other models of data) are an inhguespperty of such statistics and are

well recognised in the literature.
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Figure 6-7 Surface plot of thermal gradient; average difference of 25cm nominal depth with

temperature at the bottom of thermistor chain. Rose plot of wind velocity; average of 10 days
data for Midnight (24:00 — 00:10), 17" — 27th February 2005.

Figure 6-8 Surface plot of thermal gradient; average difference of 25cm nominal depth with

temperature at bottom of thermistor chain. Rose plot of wind velocity; average of 10 days
data for 10 minute period at Dawn 17" - 27th February 2005.
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T25_75(DegCim)

Figure 6-9 Surface plot of thermal gradient; average difference of 25cm nominal depth with
temperature at bottom of thermistor chain. Rose plot of wind velocity; average of 10 days
data for 10 minute period at Mid-day 17" - 27th February 2005.

T25_75(D egCim)
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Figure 6-10 Surface plot of thermal gradient; average difference of 25cm nominal depth with
temperature at bottom of thermistor chain. Rose plot of wind velocity; average of 10 days
data for 10 minute period at Sunset 17" - 27th February 2005.
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By dawn (Figure 6.8) a strong positive stratifioatremained at the NW location but
had changed to a negatively stratified conditiothatSW and Centre locations,
presumably due to efflux of thermal energy from pload surface during the night.
The NE site remained isothermal. Average wind dioacat dawn during the
February sampling period was from the east with\@rage speed of approximately
10km/h. By mid-day, on average (Figure 6.9), atpasthermal gradient was
present at all monitoring stations with the excaptf the centre location, again with
the strongest positive thermal gradient being prieaethe NW site; a result of the
heat absorbed into the pond from solar insolattuerage wind direction at mid-day
during the February sampling period was from thétssouth-west with an average
speed of 20km/hr (known locally as the summer seaze). At sunset, on average
(Figure 6.10), a pattern of positive stratificatwas present at the NW and SW
locations with isothermal conditions at the Ceiainel NE locations. Average wind

direction at sunset was from the SSE at a speagmbximately 18 km/h.

May 2005 Thermal Gradient Surface Plots

Figures 6.11 — 6.14 display an ‘average day’ frémom each of four periods;
midnight, dawn, mid-day and sunset for the MayquerAt midnight, on average
(Figure 6.11), the pond, in contrast to the Felyrmaonitoring period, displayed
negative thermal stratification at all monitorirggétions, that is, temperature at the
bottom of the pond was higher than that at theasearfAverage wind direction was
similar to that observed during February at midtigpbproximately EES with a
speed of 10km/h. During the dawn period (Figur@pthe pattern of negative
stratification across the pond remained unchangtddam average easterly wind
direction of approximately 8km/h. By mid-day in Man average (Figure 6.13),

both the NW and SW monitoring stations displayedhsrmal conditions, with the
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Centre and NE locations maintaining negative gication. Average wind direction
was from approximately WWS at a speed of 13 kmihsihset on average (Figure
6.14), a positive thermal stratification had depeld at the NW and SW locations,
with isothermal conditions in the Centre locatiasmilst the NE site remained in a
condition of strong negative stratification. Aveeagind direction was from the

South, with an average speed of approximately 18km/

Figure 6-11 Surface plot of thermal gradient; average difference of 25cm nominal depth with
temperature at bottom of thermistor chain. Rose plot of wind velocity average of 10 days
data for 10 minute period at Midnight (24:00 — 00:10) 1% — 11" May 2005.
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Figure 6-12 Surface plot of thermal gradient; average difference of 25cm nominal depth with
temperature at bottom of thermistor chain. Rose plot of wind velocity average of 10 days
data for 10 minute period at Dawn 1% — 11" May 2005.
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Figure 6-13 Surface plot of thermal gradient; average difference of 25cm nominal depth with
temperature at bottom of thermistor chain. Rose plot of wind velocity average of 10 days
data for 10 minute period at Mid-day 1% — 11™ May 2005.
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180
Figure 6-14 Surface plot of thermal gradient; average difference of 25cm nominal depth with
temperature at bottom of thermistor chain. Rose plot of wind velocity average of 10 days
data for 10 minute period at Sunset 1% — 11™ May 2005.

Thermal Gradient Conclusions

The *average day’ summaries presented above faukepand May were
considered to provide a satisfactory representatidhe pattern of average thermal
stratification at the four monitoring locationstbe pond. Qualitative assessment of
the high temporal resolution thermal gradient datectronic file B) for the February
sampling period revealed perhaps a surprising @egjfretability in terms of
stratification status at the four locations evenrdyperiods of strong wind, in
apparent contrast to the findings of Sweeney 2Q@as considered possible that
this increase in stratification persistence mayeh@sulted from the dramatic decline
in planktonic algal chlorophyll_a and suspendedsdlturbidity) in the pond
following conversion to AS effluent in late 2001detme substantially higher
penetration of light (and heat) into the pond. Svege(2004) in an extensive

assessment of pond stratification, presented sesaltsistent with the currently
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accepted view of pond energy transfer, that hi¢dwezls of incident irradiance at the
pond surface promoted stratification and that windgditions forced the
hypolimnion deeper or disrupted stratificationtduce mixing. The pattern of more
persistent positive thermal stratification obseraethe NW and SW monitoring
stations during both the February and May sampergods was considered
consistent with the findings of Sweeney (2004yvds therefore considered
unsurprising that the degree of stratification avpd most strongly associated with
insolation; with slow cooling progressing during tavening.

In comparison to the February sampling period,goast of positive thermal
stratification during May were substantially legsgstent at all monitoring stations,
consistent with the findings of Sweeney et al. 8) (reporting data from®June,
2001).

When positive thermal stratification events wersaylsed during May 2005 they
tended to occur at the NW and SW sites most fretjuend would then alter state to
an iso-thermal configuration (inference of mixirag) insolation declined during the
afternoon. The substantially reduced heat transterthe pond during May (and out
at night) due to the lower temperature was consutiékely to allow the
development of persistent negative thermal stcatiion gradients, especially at the
NE sampling location. The particularly persisteagative stratification event at the
NE sampling site during May 2005 may also have [@efmction of reduced light
attenuation (and increased heating at depth dtineglay and cooling of the surface
at night) due to particularly low biomass concetndres at this location. The pattern
of stratification at the SW sampling location wasisidered likely to reflect in part
the inflow of relatively warm influent from the pdnnlets and the presence of the
sludge blankets near the inlets (Sweeney 2004)Isi\the SW site remained very

likely to stratify i.e. for approximately 100 howtaring May sampling period, the
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NE site remained negatively stratified for the eniampling period (10 days). The
contrast with the findings of Sweeney (2004), pattrly with respect to persistent
negative stratification would require an additioraind of CFD modelling and data
collection to determine if this was likely to béuaction of changes in sludge
accumulation patterns and hydraulic flow or biomassiced light attenuation or a
combination of both. Interestingly the NE sampliogation displayed very low
phytoplankton biomass concentrations at both degtlements during both
sampling periods. It was considered possible tiiataharacteristic contributed to the
consistently higher temperature at depth due toongd penetration of light through
the pond. Nevertheless it was not considered plesilseparate the relative
influence of hydraulic flow and light penetrationtinout CFD modelling and
substantially more data collection.

In an attempt to more explicitly reveal the factassociated with the patterns of
change in pond temperature and thermal stratiinadi factor analysis was
conducted on the differenced time-series variab®s 75 (Tdiff_1), wind and PAR.
These are provided for the February and May 206%pEag periods as Figures 6.15
and 6.16 respectively (Appendix C). The factor gs@$ were conducted using a
time-series of all online data for these parametecsder to reveal if correlations
were apparent amongst these variables and to dateira pattern of factor and
variable association was observed that was consisiéh the assertion above that
wind velocity was likely to impact strongly uporetpattern of thermal stratification
across the pond. A correlation that was not clegplyarent in the qualitative
assessments of the 2D time-series data movie Alésctor analysis may allow
correlations amongst a number of variables to pensarised as being due to two or
more components (Masters 1995). The component®ftzat out’ are, by definition,

independent of each other. If variables aggregat@@osite ends of a component
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scale it is an indication that they are invers@grelated with respect to that

component. If variables form a group (circled) tisisndicative that they may be

impacted upon by the component(s) in a similar v@snerally it is considered that

a parameter(s) loading on a component scale sheuipleater than 0.5 to provide

confidence that a conclusion regarding a strong
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Figure 6-15 Factor analysis of thermal stratification; T25_75 (Tdiff), PAR, wind speed and
direction for February 2005 sampling period. Time-series (February 17" - 27"‘).
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Figure 6-16 Factor analysis of thermal stratification; T25_75 (Tdiff%, PAR, wind speed and
direction for May 2005 sampling period. Time-series (May 1% — 11").

association with that factor can be validly drawtagters 1995). A factor analysis
may provide information concerning the strengticafelations between the
parameters assessed but does not provide directafion regarding the cause of
these correlations. Therefore, conclusions drawardng the identity of ‘causal’
factors that are presumed to determine the obsemedlations remain a matter of
judgment and may not be clearly apparent or unanalbigly identifiable (Masters
1995). Dotted circles were drawn on each factolyarsato ‘contain’ variables that
appeared to group together (natet intended to link groups between figures); a
component score of 0.5 was used as a delineatodittate loading of a variable(s)
onto a component factor. Full details of the faetoalysis are provided in Appendix
C. Inspection of Figure 6.15 revealed that therstratification during the February

2005 sampling period displayed a strongly positiogelation with PAR at all
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sampling locations (Group 1) with the exceptiorthef NE site. The loading of the
Group 1 and Group 2 variables on separate compdaetors indicated that, by
definition, stratification status, at these threegtions (NW, SW and Centre) was
independent of wind velocity during this sampliregipd. This was not the case with
respect to stratification status at the NE samgliegtion; its loading was
approximately equal upon both components, andabsinterpreted to indicate that
PAR and wind velocity were likely to influence stratificatn status. Whilst wind
velocity was not shown to correlate with stratifioa status during the February
sampling period, at all but the NE sampling sitesas considered likely that
hypolimnion depth would vary in response to changegind velocity (Sweeney
2004).

Inspection of Figure 6.16 revealed some differemeéise pattern of stratification
behaviour during the May sampling period in comgamito that observed during
February. Specifically, wind speed was loaded atraqaally on both components,
although slightly less than the 0.5 correlationfftoent criterion on component 1,
however the strength of the association with botngonents was interpreted to
suggest that stratification status was likely tgbsitively correlated with wind
speed at all sampling locations. The stratificastatus at the NE sampling location
displayed a strong negative correlation with wimeation, whilst stratification
status was by definition independent of wind di@tat the other sampling
locations. It was considered noteworthy that thedadirection and speed displayed a
negative correlation with one another, this wassatered to reflect the observation
that winds, during the May sampling period, tenttelde stronger when arising from
the SE.

Conclusions

It was considered that the analysis of the dategmted above provided sufficient
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information to conclude the following;

Periods of positive thermal stratification were inparsistent during the

Februarysampling period.

o0 A positive thermal stratification event occurred fioe entire
sampling period at the NW sampling location.

0 The persistence of positive thermal stratificatments during this
period was highest at the NW, Centre and SW sagpications.

o0 The average pattern of thermal stratification obsércross the pond
during this period was qualitatively consistenthwtihat observed by
Sweeney (2004) despite the lower spatial resoluifdhe data
presented.

o0 The impact of changes in wind speed on stratifocasitatus during
this period was considered most likely to resultinincrease in
hypolimnion depth (by inference) rather than brestal of
stratification at the NW, Centre and SW samplintatons.

o It was considered possible that the dramatic decfirplanktonic
algal biomass and suspended solids in late 20@desmonding with
initiation of AS treatment at the head of the pamay have
contributed to the apparently substantial increéageersistence of
positive stratification during this February 20@pling period
compared to that reported in Sweeney (2004).

o Changes in wind velocity were considered more jikelbreak down
stratification and induce mixing events (by infezepat the NE
sampling location.

0 A positive correlation between pond surface irradeand stratified
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conditions was observed at all locations with tkeeption of the NE
sampling site.
Negative thermal stratification was more likelyowcur at the NE

sampling location.

® Periods of negative thermal stratification were npessistent during the

May sampling period.

(0]

Positive thermal stratification events during thésiod were
observed only at the NW, Centre and SW samplingtions.

A negative thermal stratification event occurredtfos entire
sampling period at the NE sampling location.

The persistence of positive stratification eventsrdy this sampling
period was substantially less than that observeithglérebruary.
The average pattern of thermal stratification obséacross the pond
during this period was, in general, qualitativebynsistent with that
observed by Sweeney (2004) with the exception aff dbserved at
the NE sampling location.

Thermal stratification status at the NW, Centre 8id sampling
locations appeared on average independent frongelan wind
direction.

Thermal stratification status or the degree oftigication at all
sampling locations appeared sensitive to changesnd surface

irradiance.

The apparent concordance of results between qusditassessment of 2D time-

series data movie files (as per Sweeney 2004)landdrrelation factor analysis of
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the time-series data (conducted after the formeniged confidence that the
gualitative analysis approach presented above waicameans for assessing
patterns of pond stratification.

Upon review of the above it was considered notewatthat the stability of thermal
stratification across the NW portion of the pongbarticular as observed during the
February sampling period, indicated that prefeegdiow (short circuiting) of the
pond influent could have been favoured during tinie (Sweeney et al. 2005);
whilst noting the spatial resolution of the therrgeddient data was lower than the
work of Sweeney (2004).

Retention time of Bolivar WSP Was a nominal value of 12 days at the time of
sampling, with the system providing a storage fahg’ and disinfection function
prior to filtration and chlorination following pasge through Ponds 2 and 3.
Sweeney et al. (2005b) noted that it was probdiaea ‘minimum stratification
duration’ existed below which short-circuiting iegiigible due to local mixing.
However, during long periods of positive stratifioa, retention time may be only a
matter of hours in a pond with a mean retentioretoh15-20 days (Pedahzur et
al.1993). It was therefore considered reasonabtenclude that if patterns of
stratification in the subsequent 2 ponds were amnd pond 1 during this period then
the extent of disinfection could be compromisea (Seeeney et al. 2003). Whilst
chlorine disinfection prior to re-use provided a@®dary barrier to human exposure;
it would be consistent with the precautionary pipfeeto recommend additional
vigilance with respect to chlorination at the fiti@atment phase during potential

periods of significant short circuiting.
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6.3.3. Factors Associated with Patterns of Change in Dissolved Oxygen
Concentration

Grab Samples

February: A seemingly consistent pattern of dissolved oxygleange with depth
was observed based on grab samples (Table 6.1pwsitiall (non-statistically
significant, P>0.1) difference at all of the foangpling locations sampled, with a
tendency toward lower average DO concentratioheashallower depth (25cm
nominal below surface) compared to the 75cm nondepth. This observation was
contrary to the pattern of oxygen concentratiorallgwbserved in a WSP and was
considered counterintuitive given that PFD was érgtiose to the surface due to

attenuation throughout the culture. This issualdressed in detail below.

May: The opposite pattern (also non significant) wasegally apparent during the
May sampling period, with the exception of the Cemslampling location. This
location displayed an apparently consistent higlverage DO concentration at the

shallower depth (25cm below surface) compareddd’gem depth.

Neither the May nor February grab sample data tedesirong correlations between
dissolved oxygen, chlorophyk concentration, pH or temperature within a sampling
event in contrast to the observations of Sween@94p, Sweeney et al. (2007).

It was considered noteworthy that average DO cdnatton observed during the

May 2005 sampling period was, at some locationsaqmately twice that observed
in February 2005. Sweeney (2004) observed the depesttern when comparing
summer and winter DO concentrations; especiallgations adjacent to the inlets.

Field measurements obtained during the winter Auggist 2005 sampling period
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(data not shown) confirmed this contrast with tinelihgs of Sweeney (2004). It was
considered likely that the extremely low chlorophglconcentrations observed and
consistent positive stratification observed dutigdpruary 2005 were likely to be a
factor determining this pattern of variation. Styahiurnal variations in dissolved
oxygen concentration, were however, observed whbth the February and May
sampling events in 2005 (online data), with magietappearing to be location
specific and sometimes qualitatively dependentraor pvind conditions and mixing

(inferred) due to changes in status of thermatiBtation (see below).

Online DO and Temperature

As an extension of the novel three-dimensional tnapire profiling approach of
Sweeney (2004) a series of DO monitoring statioesevinstalled at four locations at
a nominal depth below surface of 25cm. It was rsisfble, due to equipment
availability limitations to assess vertical dissalvoxygen gradients using online
data. As discussed above Tables 6.3 and 6.4 showaties of online data collected
during the February and May sampling periods respeyg and include the
parameters dissolved oxygen, stratification sté®)snd wind velocity. Inspection
of Figure 6.17 shows a ‘box and whisker’ plot ddstilved oxygen from online
oxygen data collected at 10 minute intervals fram25cm depth at each of the four
locations during the periods of February'188" and May ' — 11". A significant
difference in median DO within all four locationssvobserved betwedne

February and May sampling periods (P<0.001, 5%ifsigmce level, Kruskal-Wallis
nonparametric one-way analysis of variance) and diaes to the distinctly
contrasting patterns of stratification observedveen the sampling periods,

considered likely indicate some level of indepergeof this parameter with respect
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to average stratification status. Observations\wgehey (2004) revealed that
average DO concentrations during February 2001Aagalist/September 2001 were
highest in the area closest to the inlets (Sweehal 2007) and with reference to a

CFD model of pond hydraulics, likely to result frapattern of recirculation within

the pond.
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Figure 6-17 Box and Whisker plots of dissolved oxxgen for each location and time period
displayed to allow comparison of February 16" 28" and May 1% — 11" sampling periods.
Sample sizes shown in Table 6.3 and 6.4.

A generally contrasting pattern during 2005 of calntendency was observed with
respect to dissolved oxygen concentration betweef-éebruary and May sampling
periods, Figures 6.18 and 6.19 respectively. DutlegMay 2005 sampling period,
median DO concentrations were lower on averagleeabW sampling site (P<0.001,
5% significance level, Kruskal-Wallis nonparametiiee-way analysis of variance)
than all other locations. In contrast during tledftiary 2005 sampling period
median DO concentrations at the SW monitoring iocatvere not significantly

different (P>0.1) to those observed at the otherpdiag locations. Upon reflection,
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four possibilities were considered equally plawsilvhen attempting to explain the

contrast in DO concentrations with the resultswé&ney (2004).

1. Changes in WSP operation from facultative to maiomgparticularly
decreased carbon loading and ‘reduced’ forms obgén) were reflected in
changed patterns of algal biomass productivityraésdltant oxygenation of
the wastewater when comparing the results of Swe@t4).

2. Changes in hydraulic flow patterns impacted uponeneent and mixing of
oxygenated pond water.

3. The availability of higher temporal resolution tirseries DO data obtained in
this study revealed changes in patterns of pong@&xgtion not apparent
from data obtained via grab-sampling.

4. A combination of all three.

s‘__
s
=- : o
e -
ﬁtﬂ-
|
g
o
£
£
[l e
@
=]
=] 1
>
o . 1
=
[ 1] i .
2
Q
z . -
o T T T T
DO_Feh05_NE DO_Feb05_NW DO_Feh05_C DO_Feb05_SW

Figure 6-18 Box and Whisker plots of dissolved oxygen for each location during the
February sampling period (February 16th- 28”‘). Sample sizes shown in Table 6.3 and 6.4.
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Figure 6-19 Box and Whisker plots of dissolved oxygen for each location during the May
2005 sampling period (May 1* — 11”‘). Sample sizes shown in Table 6.3 and 6.4.

Whilst the summary data provided in Tables 6.3@&ddand Figures 6.17 - 6.19 was
considered to adequately characterize the averatterp of dissolved oxygen
variation across the pond during these two timegdsr a more ‘holistic’ or big-
picture assessment of variation was apparent throgpection of surface plots of
data for each 10 minute data logging event. Thiaseamplotting method of Sweeney
(2004) as applied in Section 6.3.2, was modifieshttude dissolved oxygen and
PAR data (Appendix A). The surface plots were ¢tiieid’ together to produce movie
files of each time series and are provided (AppeBjifor viewing of each sampling
period (Movie Files A, B and C). As discussed iotem 6.3.2 an ‘average day’ data
set was constructed to provide a summary of lotegen patterns of change and was
constructed by taking an average of each 10 minue-step across all of a
sampling period from midnight to midnight. The ritisig data file of 144 average

values (each of 10 or 11 days data) at each 10tentme step was used to prepare
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another series of movie files of the form D, E &nidr both February and May.

February 2005 Dissolved Oxygen and TemperatureaeaifPlots

Figures 6.20 — 6.23 display an ‘average day’ frémom each of four periods;
midnight, dawn, mid-day and sunset for the Febrparnod. In each case a two-
dimensional ‘kriging’ least squares model of disedl oxygen data collected over
the full period of sampling (10 — 11 days) at tiiae of day was interpolated across
the ‘pond’ surface, as determined by the DO comaéoh at each of the four
monitoring locations; each black line on the swfecan ‘iso-DO’; a modelled line
of equal DO concentration. The scale of DO ranga® fa minimum of Omg/L (dark
green) to a maximum of 16 mg/L (white). The emiridO data from the four
monitoring locations (identified by a cross (+))sussed to fit the DO profile
surface. Exactly the same procedure was used ¢orfiesponding temperature at
25cm depth surface plots (same nominal depth apiles); where lines on the
surface are ‘iso-therms’ (lines of equal tempeturhe temperature scale ranges
from 14°C (dark blue) to 29°C (white). The benefiusing temperature data of the
same spatial resolution as DO was clearly appaveah viewing movies of all
parameters. Specifically, whilst it would be delsieato have DO data of higher
spatial resolution, this was not available andasviound difficult to interpret DO
concentration against temperature without a sinsipatial distortion. As patterns of
thermal stratification were found to be qualitalyvsimilar to those of Sweeney
(2004) without data of the highest available spagisolution (Section 6.3.2), it was
considered sufficient in this context, to maintdia same spatial resolution for
straightforward qualitative comparison of patteoh®O variation. Patterns of

change in spatial DO and temperature gradients queabtatively assessed by
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viewing these surface plots repeatedly in sequédaeeney 2004); the following

text summarises these qualitative assessments.
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Figure 6-20 Surface plot of average dissolved oxygen, temperature, PAR and wind for
February 2005 sampling period. Midnight of ‘average day’ (February 16M — 28"‘).
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Figure 6-21 Surface plot of average dissolved oxygen, temperature, PAR and wind for
February 2005 sampling period. Dawn of ‘average day’ (February 16" — 28‘“).
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Figure 6-22 Surface plot of average dissolved oxygen, temperature, PAR and wind for
February 2005 sampling period. Mid-day of ‘average day’ (February 16" - 28th).

Doimgll) Tiheg C)

138586 138568 13857 138572 13857+ 138576 13358 1®586 132568 e 138572 132&T+  132EE 138578

s2c)
S
o
(=]

Tods
=}
=3

PAR{umclm:

T

oo
[=1Stst=)

1 2 3 4 % 6 7 8 9 10 11 12 13 14 15 16

PAR{umalim2isec), current data = 16

Wind direction and velacity (kmihaur)

Figure 6-23 Surface plot of average dissolved oxygen, temperature, PAR and wind for
February 2005 sampling period. Sunset of ‘average day’ (February 16" — 28‘“).
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At midnight, on average (Figure 6.20), the Cenammsling location displayed the
lowest DO concentration with the SW and NE locatidisplaying equal DO
concentration; DO at the NW site was highest inmitage. Wind direction was, on
average, from the southeast with a mean speedoobamately 14km/h.
Temperature at 25cm (nominal depth of DO probes) approximately equivalent at
the SW, Centre and NE sites with a strong posteweperature gradient across the
pond at 25cm depth%°C) towards the NW site. By dawn (Figure 6.21) DO
concentrations had, on average, declined at alpbagnlocations by an
approximately equivalent amount (1-2mgDO/L) preshipdue to respiratory
oxygen demand. DO concentrations were approximatghal at the NW and SW
sites with the Centre site showing the lowest cotraéion, being slightly less than
that at the NE location. A strong positive tempearaigradient$ 4°C) remained
across the pond at 25cm depth to a maximum magndtithe NW site, with the
other three sites approximately isothermal actibegpond (at 25cm depth). Average
wind direction at dawn during the February samppegod was from the east with
an average speed of approximately 10kp/h. By mig-da average (Figure 6.22),
DO concentration was again maximal at the NW sité a@pproximately equivalent at
the other three sampling locations. The DO gradckentss the pond at 25cm depth
was approximately 1.5mgDO/L towards the NW samplotgtion. Average wind
direction at mid-day during the February sampliegqd was from the southwest
with a mean speed of approximately 15km/h. At syrseaverage (Figure 6.23),
DO concentration was approximately equal at allgamg locations with the
exception of the Centre site, which displayed ghsly lower concentration. The
pattern of temperature variation at 25cm belowstinéace across the pond remained

consistent during the intervening period with apgrately isothermal conditions
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across the SW, Centre and NE sites with a pogitiadient € 3°C) towards the NW
site. Average wind direction at sunset was from3B& at a speed of approximately

18km/h.

May 2005 Dissolved Oxygen And Temperature Surfdo&sP

Figures 6.24 — 6.27 display an ‘average day’ frémoem each of four periods;
midnight, dawn, mid-day and sunset for the MayqukrAt midnight, on average
(Figure 6.24), the pattern of DO concentratiorhatgampling locations across the
pond appeared somewhat similar to that observadgi&ebruary, with highest
magnitude on average at the NW site. A DO conceotrgradient of approximately
2.5mgDO/L was apparent from the SW site (adjadeairilets) towards the outlets.
Temperature at the 25cm depth was highest at théoS&tion with a decrease in
temperature towards the northern portion of thedg@way from the inlets); a
considerable contrast with respect to the pattbeerved for temperature in
February 2005 during the midnight time period (Feg8.20) was apparent. Average
wind direction was similar to that observed durirepruary at midnight,
approximately EES with a speed of 10km/h. At dawraverage (Figure 6.25),
changes in DO concentration at the sampling lonataxross the pond had decreased
rather uniformly, as might be expected from bionraspiratory activity if

equivalent biomass concentrations were presewadtthe case, however, that
biomass concentrations at the NE sampling site wieserved to be substantially
less than at other sites during May 2005 (Tablg &®ong correlations with oxygen
draw down or production and measured biomass warel@arly apparent in
contrast to the findings of Sweeney (2004). Thitepa of temperature variation

across the sampling sites during this period reathimchanged; with a slight
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cooling on average across the pond with an EES dimedtion of speed
approximately 8km/h. By mid-day in May, on averdgeyure 6.26), both DO
concentration and temperature at 25cm depth hatheet a very similar pattern of
variation across the sampling sites. DO concepmaemained highest at the NW
sampling location, reducing towards the SW samiiegtion (adjacent to the

inlets), with a gradient in concentration=oPmgDOI/L.
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Figure 6-24 Surface plot of average dissolved oxygen, temperature, PAR and wind for May
2005 sampling period. Midnight of ‘average day’ (May 1% — 11™).
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Figure 6-25 Surface plot of average dissolved oxygen, temeerature, PAR and wind for May
2005 sampling period. Dawn of ‘average day’ (May 1% — 11™)
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Figure 6-26 Surface plot of average dissolved oxygen, temperature, PAR and wind for May
2005 sampling period. Mid-day of ‘average day’ (May 1% — 11™).
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Figure 6-27 Surface plot of average dissolved oxygen, temperature, PAR and wind for May
2005 sampling period. Sunset of ‘average day’ (May 1% — 11”‘).

Average wind direction was from approximately WW&apeed of 13 km/h. By
sunset on average (Figure 6.27), DO concentratidrtemperature had reached
close to maximal values, whilst retaining a veryitar pattern of variation across all
sites. The lowest DO concentration on average Wwasrged at the SW location with
a gradient in concentration increasing by approig@ge?mg/L towards the northern
sampling locations at the ‘top’ half of the pondiedage wind direction was from the

South, with an average speed of approximately 18km/

Factors determining Dissolved Oxygen and Tempesafiarriation

The ‘average day’ summaries presented above fdfrebeuary and May sampling
periods were considered to provide a satisfactepyasentation of the qualitative
pattern of average change in DO concentration aniicplarly temperature at the

four monitoring locations of the pond: this conatuswas reached after extensive
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review of the high resolution time-series ‘A’ mov¥ikes. It was considered likely
that the consistently higher temperature observéaieaNW sampling site should
result, all things being equal, in higher rateplodtosynthesis at the NW sampling
site; this assertion was addressed in the followegjion Rates of Photosynthesis).
Both the February and May sampling periods displagenilar to the findings of the
stratification assessment, an apparently high @egirstability in terms of
temperature at the four locations. Neverthelesstanbial and rapid changes in the
pattern of DO concentration across the pond wdaenafbserved and appeared to
correspond to strong wind events and sometimesgesain wind direction during
both the February and May sampling periods. Thieaped to be a characteristic
feature of the pattern of DO variation. An explorgtfactor analysis (Figures 6.28 —
6.29) was conducted using the complete time sda&sof DO, PAR and wind
velocity in order to reveal correlations amongstsevariables and determine if a
rational pattern of factor and variable associati@s observed, consistent with the
qualitative observation that wind velocity impactttbngly upon the pattern of DO
concentration across the pond. Dotted circles wwea@n on each factor analysis to
‘contain’ variables that appeared to group togefhahin a figure); as in Section

6.3.2 a component score of 0.5 was used as a dalim@lasters 1995).
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Figure 6-28 Factor analysis of average dissolved oxygen, PAR, wind speed and direction for
February 2005 sampling period. Time series all data (February 16" — 28‘“).
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Figure 6-29 Factor analysis of average dissolved oxygen, wind speed and direction for May
2005 sampling period. ‘Time series all data (May 1% — 11").
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Inspection of Figure 6.28 revealed that variation®O concentration at the Centre
and NE sampling locations appeared by definitiobngondependent of wind
direction and speed during the February samplimpgeThe grouping of the NW
and SW DO concentration, close to the axis of wedomponents, indicated that
these variables were correlated with casual fagfdof both components 1 and 2.
See Figure 6.29 for a complementary factor anafgsithe May sampling period.
From inspection a contrasting pattern of corretaiovas apparent during the May
sampling period with wind direction and SW DO fongia grouping loading
strongly onto component 2 and by definition indeget of the grouping of NE, NW
and Centre DO. Thus indicating that during the idampling period DO
concentration at the SW sampling location was p@sit correlated with wind
direction and inversely correlated with wind spéatihd speed during the May
sampling period was inversely correlated with wali@dction; this was simply
considered indicative that wind speed was condigtetronger (or weaker) from
certain directions. Qualitative comparison of fa@oalysis results from these two
time periods suggested that DO concentrationseath and Centre sampling
locations tended to be resistant to changes in wathaktity. The DO concentration at
the SW site tended to be sensitive to changesnd welocity during both sampling
periods. It was considered important to note, harethat correlations identified in
a factor analysis, as in all analyses of this typay be considered indicative of
relationships between variables, but by definitannot be considered
unambiguously causal as other variable(s) not dexdun the analysis may also co-
vary. For example the dynamic nature of pond state(th respect to hydraulic flow
and stratification, was established as a respanskanges in wind velocity

(Sweeney 2004, Sweeney et al. 2003, 2005a, 206D).rodels of hydraulic flow
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developed by Sweeney (2004) identified wind spexa aariable that, at a range of
values, appeared to severely limit accuracy of riedidow within the system.
Attempts to validate the CFD models against emglidata, collected during drogue
studies, failed but did confirm the dynamic natoféhe system with respect to flow
and deviation from theoretical plug flow assumpsioBonsequently it was
concluded that a lack of knowledge of the ‘stafehe system prior to collection of
empirical fluid flow data was likely to be a kewniitation in terms of testing (in the
field) conclusions of fluid flow models (Sweeney02). The importance of this
finding, with respect to developing a better untirding of the pattern of
oxygenation within the pond, may be illustratedhwiéference to the pattern of
oxygenation in the pond reported by Sweeney éX(l7. These authors concluded
that the counter intuitive observations of high Bdhcentrations at the inlet of the
pond were likely to be a consequence of recircutatif oxygen rich water from
other areas of the pond. This provides a possiptaration for the observed lack of
correspondence between DO and chloroplaytioncentration observed at the NE
sampling location during May 2005. That is, despiteorder of magnitude
difference in chlorophylla concentration at the NE sampling location, and
apparently equivalent light penetration; rates &f production were similar at all
sites (see following section). Inspection of thetda analysis plots of thermal
stratification and DO concentration were consideoehdicate a degree of similarity

with respect to the groupings and correlationde§é variables.
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Figure 6-30 Factor analysis of dissolved oxygen concentration DO and stratification status
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Figures 6.30-6.31 provide a visual summary of #selits of a factor analysis
assessing correlations between thermal stratificaind DO concentration for the
February and May 2005 sampling periods respectiviegpection of Figure 6.30
indicated that changes in DO concentration at theaNd Centre sampling sites
during February varied in a similar fashion, forgnen grouping that loaded strongly
onto component 2. At the NE sampling location dyifiebruary DO concentration
was positively correlated with stratification s{INE_Tdiff_1), whilst DO
concentration at the Centre sampling location tdridéoe independent of
stratification (C_Tdiff_1). Changes in DO concetitra at the strongly stratified
NW and SW sampling locations varied in a similahian to each other (Group 3)
and loaded on both components 1 and 2.

Inspection of Figure 6.31 indicated that changd3@concentration at the NE, NW
and Centre sampling sites during May varied imailar fashion, forming a grouping
(Group 1) that loaded strongly onto component 22h&tNE sampling location
during May, DO concentration was negatively cotezlavith stratification status
(NE_Tdiff_1), in contrast to the relationship obsst during February. DO
concentration at the NW and Centre sampling looatiended to be independent of
stratification status (NW_Tdiff_1, C_Tdiff_1), wktiDO concentration at the SW
sampling site (Group 5) was positively correlatathwstratification status at this
location and varied independently when comparddQ@achanges at the other 3

sampling locations.

Conclusions and Implications for Wastewater Treaatm

It was considered that the analysis of the dategmted above provided sufficient

information to conclude the following;
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Average DO concentrations during May 2005 were ayprately twice
those observed during the February sampling pevitdthe exception of
the SW site; where concentrations remained similais pattern of pond
oxygenation was contrary to that observed by Sweé&@04) and was
considered likely to reflect the extremely low centrations of
chlorophyll_a observed at all sites and depths during the Feprua
sampling period. Substantially lower influent BOBncentrations as a
result of the AS plant upgrade would be expecte@salt in lower
oxygen demand and higher aver&¥f@ concentrations at all sites (all
other factors being equal) due to reduced oxygemade by

heterotrophic bacteria.

Average DO concentrations during the May sampliaggal were not
clearly related to chlorophylé or suspended solids concentration. This
result was considered somewhat counter intuitivergithe observation of
strong diurnal variations in DO concentrations différences in
chlorophyll_a of approximately 1 order of magnitumt#h between and
within sites. However, only a small number of gsalmples were
available for analysis of biomass parameters duhegampling period
and variations in these parameter between samgliegts may have
been substantial. Nevertheless inorganic carbon doavn during the
May sampling period was observed to be less sutistanthe NE
sampling location, an observation that appearedistant with lower

rates of photosynthesis (but see following section)

Spatial patterns of DO concentration were obsetwaary across the

pond depending on the time of day within a samptiegod. During the
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February sampling period all locations displayedagerage, lower DO
concentrations in comparison to May; the centratioa was generally
observed to display the lowest DO concentratiomndufFebruary. The
SW sampling location displayed significantly low2® concentration
than other sites during the May sampling periodaliative assessment
of the 2D time-series data movies revealed fregsebstantial and rapid
changes in the patteof DO concentration across the pond in apparent

response to strong wind events or changes in wnedttn.

Factor analyses indicated that changes in DO carat&m resulting from

changes in wind velocity appeared strongly locaéind season specific.

O During February, DO concentration at the NE andt@esampling
locations appeared independent of changes in watatity. Whilst
the other sampling locations (NW and SW sites) apaksensitive to
changes in wind velocity.

O During May, DO concentration at the SW site dispthag strong
positive correlation with wind direction and a stganverse

correlation with wind speed.

Factor analyses indicated that changes in DO carate&m correlated
with changes in stratification status appearedcsgltsolocation and
sampling event specific.

O During February DO concentration at the NE samplagtion was
positively correlated with stratification statusilshDO concentration
at the Centre sampling location appeared somewtdapendent of
this variable. Changes in DO concentration, asthengly stratified
NW and SW sampling sites, were both weakly coreelatith
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stratification status.

O During May DO concentration at the SW sampling digplayed a
strong +ve correlation with stratification statukilst DO
concentration at the NW and Centre sites tendedaapd
independent of stratification status. DO conceiuraat the NE
sampling site displayed a strong negative cortatith

stratification status.

® That patterns of change in the magnitude of DO eptration appeared
to be strongly influenced by location and sampfiegod (season). It was
also considered likely that at a given chlorophgylEoncentration the
pattern of DO variation at a location reflected itmg@act of variables such

as wind velocity and stratification status (in dutohi to PAR).

The conclusions presented above highlight the ltesfetollecting DO data at a high
temporal resolution. Variations in dissolved oxygencentrations at the sampling
sites were observed on occasion to vary substintrar periods of minutes whilst
apparently cyclical variation over the diurnal perivas also observed. Substantial
differences in the pattern of pond oxygenation vadse observed betwedne
February and May sampling periods, this was alssidered to highlight the
dynamic nature of this system.

Oxygen concentration and algal growth are key Wéggin determining rates of
nutrient conversion reactions; in combination with findings of Sweeney (2004)
that indicated the presence of complex hydrodynamiclitions within the pond
dependent on changes in wind velocity, the complenges in oxygenation activity

observed across the pond as detailed above fudteal the complexity of such
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systems and the need for extensive online mongaxinen one’s purpose is to

formulate precise (and reasonable) assumptionssi®in pond design or operation.

6.3.4. Rates of Photosynthesis

Representative scatter-plots showing mean ponddeatyre and oxygen
concentration for the duration of the May and Fabyisampling period are provided
in Figures 6.32 to 6.33, in a manner corresponthirtpat used to present data in
Chapter 5; i.e. each plot was constructed to dyspfdine DO and temperature
averaget standard deviation for each 10 minute incremeet tive 24 hour ‘day’ for
the full duration of sampling trial. As discussadsection 6.3.3 each measurement
was taken automatically at the same time of theashayeach data point on each
figure is the average of measurements for that tfrtay, at a sampling location in
that sampling period.

At all sampling locations the variation in dissalvaxygen concentration during the
24 hour cycle appeared qualitatively consistenihwhe pattern observed in the
Murray Bridge pilot scale HRAP (Fallowfield et 20001) and the laboratory based
bioreactor (Chapter 5). That is; average dissobsgaen concentration increased
following dawn until reaching a maximal level amen declining until reaching a
minimum prior to sunrise. The coloured bar at theebof each figure shows the
photoperiod (yellow) and night period (black). lespon of these figures reveals as
expected a lag (approximately 1 hour) after surarsgthe consequential increase in
DO concentration. The extent of variation, as iathd by the standard deviation

bars was generally greater, and less uniform veisipect to
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Figure 6-32 Scatter plot DO concentration (mgDO/L), open circles and Temperature (),
blue circles, + standard deviation for NE sampling location. February 2005 sampling period.
(February 17" - 27”‘) n = 144, 10 minute increments average of 10 days online data.
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Figure 6-33 Scatter plot DO concentration (mgDO/L), open circles and Temperature (T),
blue circles, + standard deviation for NE sampling location. May 2005 sampling period.
(February 17" - 27‘“) n = 144, 10 minute increments average of 10 days online data

DO concentration than temperature. This observatias generally consistent with
comparisons made at the Murray Bridge HRAP pilanpband the laboratory based

bioreactor.
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Gross rates of photosynthesis were determined [aguonmg the slope of the post
dawn increase in DO concentration vs. time and \gqagditatively assessed in the
fashion used for temperature and dissolved oxygerdascribed previously. The

‘C’ series of 2D time-series data movie files rdedahat rates of photosynthesis
varied in an apparently independent fashion at sasipling locations during both
sampling periods. It was assumed that the complanefaverage day’ 2D time-
series movies would display less variability du¢hte effect of averaging DO
concentrations across the full period of each semg@vent; an assessment of the ‘F’
series movie did not support this assumption. Uaetgally the extent of variation in
instantaneous gross photosynthetic rate from tir@e{® time-step at a site, in
comparison to other sampling locations, appearetiamged. A box and whisker
plot of each time-series was constructed and peavas Figures 6.34 and 6.35.
Inspection of these figures and the time-seriea daéd to create them revealed that
instantaneous rates of gross photosynthesis viayiegh to 3 orders of magnitude
within a site and sometimes so between time incnésn&igure 6.36 was produced
in order to assess variation in instantaneous wdtgross photosynthesis when
normalised by chlorophyll_a concentration. Inspmcf Figure 6.36 revealed that
unrealistic instantaneous rates of gross photosgrghesulted. It was concluded that
attempts to assess rates of instantaneous grogssphthesis qualitativelwere very
unlikely to succeed due to the obvious complextthie patterns of DO
instantaneous rate change. The approach detailedapter 5 was therefore used
exclusively to determine patterns of change in péythetic rates across the pond

sampling locations.
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Figure 6-34 Box and whisker plot of gross rate of DO production (mgDO/L/hour), for
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2005 sampling period. (May 1% — 11™). n = 1424, 10 minute increments
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Figure 6-36 Box and whisker plot of gross rate of DO production (mgDO/L/hour/Chl_a), for
May 2005 sampling period. (May 1% — 11”‘). n = 1424, 10 minute increments.

Oxygen utilization rate@OUR) calculated for each sampling location dutimg

February and May sampling events are shown in Sahand 6.6 (p167-168). The
parameter OUR/hour was calculated by linear regredg of online dissolved
oxygen data against time and provided a measuseasbige hourly rate of change in
dissolved oxygen concentration during the perieadest to dawn (approximately 1
hour of data at 10 minute intervals); no data waeslable to allow correction for re-
aeration. Figures 6.37-6.38 show representativeples of the pre-dawn and post-
dawn changes in oxygen concentration and fit eaatl squares regression line. The
coefficient of determinationQ()'is defined as the proportion of variance expldibg
the regression model (Zar 1991). Similarly the esponding quantity 1% can be
interpreted as the proportion of unexplained vammtthe standard deviation of the
correlation co-efficient (1-2#/(n-1)) was therefore used to calculate the standard
deviation of OUR/hour for each sampling location aampling period (Table 6.5).

The parameter OUR was normalized by chloroplationcentration to produce
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Figure 6-37 Scatter plot of change in DO concentration during the pre-dawn period
(ngO/L/hour), for NE sampling location. February 2005 sampling period (February 17" -
27" n = 10, 11 days averaged at 10 minute increments.
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Figure 6-38 Scatter plot of change in DO concentration during the post-dawn period
(m%DO/L/hour), for NE sampling location. February 2005 sampling period (February 17" -
27" n = 14, 11 days averaged data at 10 minute increments.

OUR/hour/Chl_a (Table 6.6); the surrogate measuralfjal based respiration rate.

The chlorophylla concentrations from both depth increments at saehwere
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averaged in order to account for mixing due toltteakdown of stratification events.
Inspection of Table 6.5 and Figure 6.39 revedtatl ©UR/hour (community
respiration rates) during both February and Mays2@8re of similar magnitude to
those observed in both the Murray Bridge pilot s¢sRAP (Fallowfield et al. 2001)
and the laboratory scale HRAP bioreactor (Chapteflas was considered to reflect
the qualitatively similar patterns of the BolivaiSK daily ‘DO curves’ in
comparison to those observed in these other sysqtegses 6.32-6.33 and 5.6-5.8).
Of note were the high correlation coefficients adRhour observed at all sampling
locations indicating that community respiratioresa(OUR/hour) may be location
specific in some portions of the pond.

For the purposes of spatial comparison, when da&/@our for the February and
May sampling period were compared (Figure 6.3@nogrcles and squares
respectively); a divergence was noted with resfetiie SW sampling site; the site
closest to the influent and subject to the preseneesludge blanket.

When normalized to chlorophyll_a concentration (€266 and Figure 6.40) the
pattern of change across the pond for Februaryirmdaualitatively similar with
OUR/hour not normalized to chlorophyll_a concemtratprobably reflecting the
similarity in measured algal biomass concentrataunréng this period. A substantial
difference was however noted in the pattern (angnimade) of May
OUR/hour/chl_a in comparison to February (with ¢éixeeption of the NE sampling

site).
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Figure 6-39 Change in OUR/hour (mgDO/L/hour), for all sampling locations. February 2005
(open circles) and May 2005 (squares) sampling periods + SD. Data from table 6.5.

The magnitude of OUR/hour/Chl_a observed at adksituring the February
sampling period was approximately 1.5 orders of mtage greater than that
observed in the Murray Bridge pilot scale HRAP #mellaboratory based bioreactor
and was considered unrealistically high in comgari® published values; this
observation was considered most likely to reflaetitnpact of sediment respiration
(Yamamoto 2010) on oxygen budget calculations isftipe; especially when
planktonic algal biomass concentrations were lowpéction of OUR/hour/Chl_a
during the May sampling period (Table 6.6 and Fegbirl0) revealed that the NE site
(low algal biomass concentration) displayed théégg OUR (normalized to
chlorophyll_a); this was considered consistent whhassertion that sediment
oxygen demand was somewhat important in locatiatts minimal plankton
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biomass. It was considered noteworthy that chloythph concentrations at the NW,

Centre and SW sampling locations were
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Figure 6-40 Change in OUR/hour/mgChla (mgDO/hour/mgChla), for all sampling locations.
February 2005 (open circles) and May 2005 (squares) sampling periods + SD. Data from
Table 6.5.

observed to be at least an order of magnitude hitjla@ the NE site during May
2005 (not the case with respect to suspended dmlidsee SW site).

As discussed in Chapter 5, some important and appigreasonable simplifying
assumptions can be made in photosynthesis/ irreglimvestigations including that
of respiration rates remaining constant (at a gteamperature) in the presence or
absence of light (Kirk 1994, Falkowski and Ravef20Chapter 3). The OURs
presented in Table 6.5 and 6.6 were calculated oline oxygen data gathered in

the absence of light to prevent oxygenic photosstithactivity masking the signal.
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Differences in oxygenic production upon illuminatican therefore be assumed to
dependent upon algal photosynthesis (whilst ndtiegabsence information
regarding atmospheric re-aeration and resultingcsoof error). The following

section assesses photosynthetic rates using tmealdta presented.

February 2005 OUR/hour SD N r?
(mgO,/L/h) (mgO,/L/h)

NE sampling 0.29 0.03 10 0.92

location

NW 0.55 0.02 10 0.93

Centre 0.38 0.04 10 0.88

SW 0.49 0.01 10 0.98

May 2005

NE sampling 0.20 0.02 18 0.93

location

NW 0.36 0.03 18 0.86

Centre 0.19 0.04 18 0.85

SW 0.16 0.03 18 0.86

Table 6-5 Pre dawn average oxygen utilization rate; mgDO per litre per hour + sd; May and
February sampling period 2005, Based of average (10 -11 days) of DO data from pre-dawn
period (n= number of consecutive 10 minute increments used for least squares fit) at each
site. Coefficient of determination (rz) indicates closeness of fit of regression line to empirical
data.
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OUR/hour/Chl_a Standard Deviation
(mgO,/h/mgChl_a) (mgO,/h/mgChl_a)
February 2005
NE sampling location 20 14
NW 36 0.8
Centre 26 3.9
SW 38 1.5
May 2005
NE sampling location 11 1.4
NW 2 0.1
Centre 1 0.1
SW 1 0.15

Table 6-6 Pre dawn oxygen utilization rate normalised to unit chlorophyll_a concentration;
May and February sampling period 2005.

Comparison of Gross and Net Photosynthetic Rates

In an analagous fashion to the methodology usedltulate the OUR; online DO
data were used to calculate gross photosynthedqd GPR); with the exception that
post dawn values in the morning were used (FiguB8)6Chapter 5. That is; the
parameter GPR/hour was calculated by linear regmes$is of online dissolved
oxygen data against time and provided a measuwaeeashige hourly rate of change
(increase in this case) in dissolved oxygen comagah during the post dawn
period. A minimum of approximately 1 hour of datalO minute intervals was used
for these regressions (Figure 6.38). GPRs for gactment when expressed both
without and with normalization to chlorophyll_a ateown in Table 6.7-6.8
respectively for the February and May 2005 samplirige corresponding plot of this
data Figure 6.41 revealed that the pattern of gshssosynthesis (GPR/hour) (non-
normalized to biomass or corrected for communigpim@tion) was in general

qualitatively different to that observed for OURInd@Figure 6.39) during both these
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sampling periods. However, when corrected for piamic chlorophyll_a
concentration (Figure 6.42) a strong degree oflanity in the pattern of change in
GPR at the sampling locations was noted for the S&agipling period = 0.99);

this was considered to indicate that both commuei$piration rates and gross
photosynthetic rates (OURs and GPRs) during the $&aypling period were
strongly influenced by planktonic biomass (with gassible exception of the NE
location).

When correction was then made for respiration elh @ the sampling locations
(Tables 6.9-6.10) a substantial degree of consigteras noted in the pattern of net
photosynthetic rate () both with and without normalization to biomasg(Fes
6.43 and 6.44). This was considered as strong ee@that non-planktonic biomass
was of primary importance to OUR angkuring the February sampling period
whilst planktonic biomass was of more importancergduthe May sampling period.
This was supported by the observation that NE siaggite during May displayed a
similar Ryt (biomass normalized) when compared to the Febrdatg for this site;
the NE site displayed consistently low planktordgahbiomass during both

sampling periods.
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February 2005 GPR/hour SD N r’
(mgO,/L/h) (mgO,/L/h)

NE sampling 0.33 0.03 19 0.87
location

NW 0.41 0.05 19 0.80
Centre 0.48 0.01 17 0.97
sSw 0.31 0.02 14 0.94
May 05

NE sampling 0.41 0.02 18 0.93
location

NW 0.77 0.09 18 0.62
Centre 0.59 0.01 18 0.95
SW 0.38 0.02 14 0.94

Table 6-7 Post dawn average gross photosynthetic rate (not normalised to chlorophyll_a
concentration); mgDO per litre per hour + sd; May and February sampling period 2005,
Based of average (10 -11 days) of DO data from pre-dawn period (h= number of consecutive
10 minute increments used for least squares fit) at each site. Coefficient of determination (r2)
indicates closeness of fit of regression line to empirical data.

February 2005 GPR/hour/Chl_a SD (mgO,/h/mgChla_a)
(mgO,/h/imgChla_a)

NE sampling location 23 1.5
NW 27 1.9
Centre 33 0.79
SW 24 3.0
May 05

NE sampling location 12 1.4
NW 2 0.19
Centre 1 0.01
SW 2 0.06

Table 6-8 Post dawn average gross photosynthetic rate (normalised to chlorophyll_a
concentration. May and February sampling period 2005
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Figure 6-41 change in GPR/hour (mgDO/L/hour), for all sampling locations. February 2005
(open circles) and May 2005 (squares) sampling periods. + SD. Data from Table 6.7.
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Figure 6-42 change in GPR/hour/Chl_a (mgDO/Chl_a/hour), for all sampling locations.
February 2005 (open circles) and May 2005 (squares) sampling periods + SD. Data from
Table 6.8.
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February 2005

Phet fhour (mgO2/L/h)

Standard Deviation (mgO,/L/h)

NE sampling location 0.62 0.04
NW 0.96 0.05
Centre 0.76 0.05
Sw 0.80 0.02
May 2005

NE sampling location 0.41 0.03
NW 0.77 0.10
Centre 0.59 0.07
SW 0.54 0.05

Table 6-9 Post-dawn net photosynthetic rate (not normalised to unit chlorophyll_a
concentration); May and February sampling period 2005.

February 2005 P../Chl_a/hour Standard Deviation
(mgO,/mgChl_a/h) (mgO,/mgChl_a /h)
NE sampling location 43 2.1
NW 62 2.0
Centre 53 4.0
SW 62 3.3
May 2005
NE sampling location 24 2.0
NW 4.6 0.2
Centre 2.2 0.1
Ssw 3.0 0.06

Table 6-10 Post-dawn net photosynthetic rate (normalised to unit chlorophyll_a
concentration); May and February sampling period 2005.
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Figure 6-43 Change in P,e/hour (mgDO/L/hour), for all sampling locations. February 2005
(open circles) and May 2005 (squares) sampling periods + SD. Data from Table 6.9.
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Figure 6-44 Change in P,e/hour/Ch_a (mgDO/hour/mgChl_a), for all sampling locations.
February 2005 (open circles) and May 2005 (squares) sampling periods = SD. Data from
Table 6.10.
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It was considered particularly noteworthy that ti@gnitude of photosynthetic rates
measured during periods of low planktonic biomasg, February 2005 (all sites)
and May 2005 (NE site) were unrealistically highistresult was considered to
indicate that algal biomass may, due to the minimght attenuation, be able to
accumulate and remain photosynthetically activasisociation with the sediment.
In order to provide a means of comparing photostithrates calculated using the
online data approach with that observed in theditee, the Online_Pnet parameters
presented in this chapter were converted to uaggth on carbon; using the approach
of Falkowski 1981, Laws 1991, Falkowski and Rav&d0({/, p302-303) to calculate
phi () (Figure 6.45) a measure of photosynthetic efficie Falkowski and Raven
(2007, p352) point out thdt has the same dimensions as the initial slope of
photosynthesis (Chapter 7) and can be considered a ‘light-scalegth integrated,
assimilation number’ (Falkowski 1981). Photosynthésssimilation numbers’ or
‘gquotients’ (Section 2.7, p21) provide informatiabout the stoichiometry and
energetic efficiency of algal growth (Laws 1991yRelds 2006) and can be
measured with precision in the laboratory. Thedgprelationship between oxygen
production and carbon assimilation in photosynthesrevealed with reference to
equation 2.1 (p13). Data from laboratory and fetladies (Falkowski 1981, Laws
1991, Reynolds 2006, Falkowski and Raven 2007katdithat conversion of
production on an oxygen basis to a carbon basibeastimated with reasonable
confidence by selection a PQ of between 1.0 andot.Aew production; that is 1

mole of oxygen produced implies between 1 and £mof CO2 fixed.

176



/ tl Ze
¥ = '-O 0 P(t,Z}dZ dt

/: “p(2)dz :7:0 ot

Figure 6-45 Total water-column light utilisation index (y). P = primary productivity (C/m®/hr),
B= chlorogahyll biomass (mgChI_a/ms), l,= incident light intensity a surface (400-700nm
pmoles/m/s), t = time (hours), Ze = depth of the euphotic zone (from Falkowski 1981).

These authors present data showing variationseifight utilization efficiency
functiony, they state was compiled from hundreds of statiorthe worlds ocean
(Falkowski and Raven 2007 p 353). This data isagpeced in Figure 6.46 and 6.47
and was superimposed against that obtained usingrime PI determination
method and data from the Murray Bridge HRAP sysBand 1, the laboratory based
bioreactor and the Bolivar sampling events. Thénenbxygen net productivity data
from these wastewater systems was converted towrdrdsed productivity by
assuming a PQ of 1.2 +0.2 units of carbon fixedyretr oxygen produced.

On inspection, two contrasting fits of the onlined&ta to the oceanic productivity
data were apparent. With respect to Figure 6.4Bdalllar sites during February
2005 and the NE site during May 2005 displayed tsuitislly higher values of
photosynthetic efficiency than the oceanic datis; plattern was also noted in the
similar (but lower) phi values calculated usingd@ta obtained for treatments 1 and
3 during the laboratory bioreactor (Chapter 5)uFeg6.47 revealed that data
collected during May 2005 at the NW, Centre and &Mpling locations, the
Murray Bridge HRAP and laboratory HRAP treatmemtighlayed a more similar
pattern of response in comparison to the oceandyativity data with respect to phi

and total daily photon flux. The simplest explaoatior the contrasting results
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(Bolivar data) was provided by assuming that thgnity of the algal biomass
present in the system during February was clossdg@ated with the sediment and
due to the excellent light penetration was ableaiatribute substantially to
photosynthesis. Thus the elevated phi levels olksemere likely to be simply an
artifact of this error in biomass sampling. The @andance between phi determined
from these algal based treatment systems and #@nimcproductivity data are

discussed in more detail in Chapter 7.

These results were considered to provide evidansapport of the assertion that
online oxygen data can be used to meaningfullyssssdes of photosynthesis and
develop an improved understanding of algal bassatrirent systems and perhaps
algal based eco-systems more generally. More sgatyfwith respect to design and
management of wastewater treatment systems it wappdar likely that practical
applications of the online Pl approach such as toong the response of a system to

changes in loading or influent quality could befub trialed.
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6-46 Pnet/hour February 2005; converted to gC/gChIa/mole_photons/m2 (phi) for all Bolivar
sampling locations during and Bioreactor Treatments 1 and 3. Compared to oceanic data
collected at hundreds of stations around the world. After Falkowski and Raven (2007).
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6-47 Pnet/hour May 2005; converted to gC/gChIa/moIe_photons/m2 for specified Bolivar
sampling locations, Murray Bridge Pond 1 (2000) and Bioreactor Treatment 2. Compared to
oceanic data collected at hundreds of stations around the world. After Falkowski and Raven
(2007).
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6.4. Conclusions

An in-situ online monitoring system consisting otif online dissolved oxygen and
temperature monitoring stations was installed divBboWSP 1 with the resulting
data used to characterise patterns of DO and textyservariation in parallel with
changes in wind velocity during February and Ma920rhe novel approach to
analysis of photosynthetic rates using online oryg&ta (Chapter 5) was trialled
and provided a ‘window’ through which, for the fitsne, changes in photosynthesis
irradiance relationships in response to changebrrate during the seasonal cycle
and pond mode (benthic versus planktonic algal dantge) could be clearly
established in Bolivar WSP 1. This novel approgmbears to provide great promise
as a design and management tool for algal base@weai®r treatment systems more

generally.

The following conclusions were immediately apparent

o Light penetration was greater by approximately artter of
magnitude in WSP 1 during this period in comparispthe
observations reported in Sweeney (2004).

o Planktonic algal biomass concentrations (chlordplaylat all
sampling locations during the February (Summer)isny period
were extremely low in comparison to those obsebye8weeney
(2004) and were considered to have resulted fratraage in pond
influent characteristics after commissioning of &t treatment
system.

o Patterns of thermal stratification in the BolivalS® observed during

February and May 2005 were qualitatively similatitose observed
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by Sweeney (2004).

Patterns of change in pond oxygenation at theganopling sites
were correlated with temperature and thermal §itation; the
impact of wind velocity tended to be greater far NME and SW
sampling sites.

That short circuiting of flow may have been sigrafit during the
February sampling period and that this may havdiaafons for re-
use if retention times and disinfection rates atestantially different
from design parameters.

Photosynthetic rates and community respiratiorsrateasured using
online data displayed location and time specifitgyas of variation
that were explicable provided an active benthiadigomass was
assumed. i.e. photosynthetic rates calculated usihge data and
planktonic biomass concentrations collected duFRelgruary at all
locations and from the NE sampling location durihgy appeared

unreasonably high.
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7. DISCUSSION

7.1. Introduction

Investigations reported in this thesis were aimeabaessing the efficacy of a novel
approach for extraction of photosynthesis-irradéaparameters from in-situ online
dissolved oxygen data reported by Fallowfield e{2001) and Evans et al. (2003)
and to make a contribution to an improved undedstanof biological processes
within waste stabilisation ponds. The in-situ Ppagach was considered to require
testing and initial validation trials in controlléaboratory conditions against data
collected using the standard Pl determination ne{Bwans et al. 2003) prior to use
within a large and complex WSP. Results of expenisieonducted toward this end
were reported in Chapter 5. Field investigationsanmnducted by using a series of
four purpose-built online monitoring stations inlstd at a large maturation waste
stabilisation pond treating activated sludge (Afuent at Bolivar WWTP. High
temporal resolution online data was analysed terdehe in-situ photosynthetic
rates at Bolivar WSP 1 and compare those obtaioed & laboratory based algal
bioreactor (Chapter 5) and the scientific literaturhis work was conducted as a part
of an extensive program of research conducted aperiod of more than a decade
on the Bolivar WSP system in Adelaide, South Auistr&haracterising both the
biological and physical nature of these pond syst@i#eatherall 2001, Herdianto
2003, Sweeney 2004, Yamamoto 2007, 2010, Short)26i@oves the scientific
basis for development and use of pond design atichisption tools (Oswald 1995,
Fallowfield et al. 1992, Mayo and Noike 1994, Sweent al. 2003, Shilton and
Harrison 2003, Ratchford and Fallowfield 2003, Sweseet al. 2007, Short et al.
2007, Yamamoto et al. 2010). At the time of writihgs is the first reported

assessment of photosynthetic oxygen dynamics atd8aVSP 1 and was
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understood to be the only study of its type regbmethe WSP literature.

7.2. Laboratory Based Validation Study

A novel laboratory based HRAP (bioreactor) wasgtesil, built and operated in
controlled laboratory conditions to provide datadomparison of
photosynthesis/irradiance curves obtained usirtgradard laboratory Pl apparatus
with those calculated from in-pond dissolved oxygere-series using a modified
version of the proposed method of Evans et al. Z@b@&pter 5). Light intensities at
the surface of the bioreactor were close to lirgitamd provided the opportunity to
estimate rates of oxygenic production within th&éomally linear portion of the
photosynthesis-irradiance curve using the stanBaepparatus (Falkowski and
raven 2007). In addition to light limited paramstef the Pl curve, saturated rates of
photosynthesis were also measured by use of thdasth Pl apparatus. Carbon
loading of the system was achieved by use of syistkewage medium (Cromar
1996) modified to provide carbon (as acetate) logsliof similar magnitude to those
applied to Bolivar WSP 1. Standard water qualigatment parameters were
considered to provide satisfactory indicators oféactor operation (Cromar 1996,
Fallowfield et al 2001, Metcalf and Eddy 2003) émmparison against other algal

based systems.

7.2.1. Laboratory Based System Operation

Measurements of culture light attenuation suggetstadsurface irradiance was close
to limiting intensities, this provided conditiongitable for measurement of light
limited photosynthetic rates (Section 5.3.2). Thespnce of flocculent particles in
carbon loaded treatments was associated with nfil@etiee light penetration into

the pond. The pattern of variation in pond chemiatrd biological parameter values,
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including algal and bacterial biomass, were consdi@nexceptional for a HRAP
system operating under the variety of loading ctoow applied. Patterns of change
in oxygen concentration in the photoautotrophiatimeent were considered to be
consistent with carbon limitation; somewhat suipgly, results from online PI
measurements suggested that carbon limitation sienpally a factor in the first

carbon loaded heterotrophic treatment (Treatment 2)

Online data collected from the bioreactor was usezhlculate net photosynthesis
curves and these were compared against those ettasing the standard Pl
apparatus. No significant difference was obserngénms of net photosynthesis
between the two methodologies (in the carbon loaiadments) at the equivalent
light intensity. It was not possible to determineaistraight-forward fashion a means
of determining alphaaf the light-limited rate of photosynthesis using tAboratory
based bioreactor system due to square wave ndttlre day/night cycle. However,
as an extension of the above; the measured valueef photosynthetic rate (per
unit chlorophyll_a) were normalised to ‘daily’ id&nce to calculate ‘integrated
water-column light utilisation efficiency’ (Falkows1981, Morel 1991, Laws 1991,
presented Chapters 6 & 7). This parameajgras the same units as the initial slope
(o) of the PI curve (Falkowski 1981, Falkowski and/&a2007) but is generally
expressed in units of carbon. For comparative mepohe value af derived from

the standard Pl apparatus determinations (on aemxlggsis for simplicity) was
compared with that derived by normalizing OnlingaR0 average irradiance at the
surface of the bioreactor (105 umol/m2/sec). A gmorelation (f = 0.40) was
generally observed between these parameters doeasments; a within-treatment

comparison revealed a relatively good corresporele@nterms oty for Treatment 3
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(b within 40% ofa).

It was considered noteworthy that resultghqon a carbon basis) were close to the
range reported from experimental assessments alf @goon productivity in light
limited cultures (Reynolds 2006, p106) and similamagnitude to values of

reported for oceanic productivity (Falkowski andvBa 2007, p353).

It was concluded that online data and the algoritleveloped for analysis were
potentially efficacious for calculation of net pbsynthesis in carbon loaded
conditions in this lab based HRAP system; in tlaiseca point on the PI curve

defined by the bioreactor incident light intensity.

The most important limitation of this laboratorysied study was considered to be a
lack of a pattern of changing light which prevengedirect comparison of the initial

slope of photosynthesis using the two methodologies

Harris (1999) argued that apparently complex behavin aquatic ecosystems may
infact result from a small number of fundamentahgples that ‘impart higher level
order and predictability’ on a system. If thesenpiples are fundamental then one
would expect them to be ‘forcing functions’ acresgiatic ecosystems; one of these
he asserts (quite reasonably) is that input ofg@né@ight) and nutrient input controls
overall biomass (and by inference productivity) &3ter 3). In a system such as a
WSP with well defined shape, depth and volume aghl hutrient levels it would on
this basis appear reasonable that measures ofgyimtitetic rate should be more

easily determined (less subject to noise) thanetihesasured in many difficult to
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define natural systems. On this basis it was cenedlthat a field trial in a full scale
WSP system could in principle provide data for akdtion of photosynthesis
parameters of somewhat similar quality to that okestin the Murray Bridge
HRAP system despite the impact of wind induced ngxstratification and variable

patterns of flow.

7.3. Bolivar WSP

A series of four purpose built online monitoringtgins were designed and installed
at Bolivar WSP 1 to provide data for a detaileceasment of patterns of thermal
stratification, oxygen dynamics and comparisontadtpsynthetic rates obtained
from the laboratory based algal bioreactor anditeeture. Comparisons of
parameters such as thermal stratification and isdaxygen concentration in
response to changes in irradiance and wind velogie made to allow integration
and comparison of these findings with those obthimeHerdianto (2003), Sweeney

(2004) Yamamoto (2007) and Short (2010).

Planktonic chlorophylla concentrations and by implication algal biomass
concentrations were observed to be extremely loingurebruary 2005 in
comparison to observations of Weatherall (2001) Swdeney (2004). Whilst
generally much higher during the May sampling pirlmomass concentration
displayed a high degree of variability both acrib&spond and between depths
within sites. These observations were confirmeddayparison with
contemporaneous algal biomass observations of Yatwe(@007) and Short (2010).
Unpredictable ‘boom-bust’ cycles in algal planked zoo plankton populations
were observed during this period by Short (2010hscstent with previous

observations of changes in algal population demsipprted by Sweeney et al.
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(2005b). Short (2010) postulated that reductiomfluent ammonia concentration
following conversion of the system to AS influeatlobw loading conditions
(Sweeney et al. 2005b) provided conditions mortable for herbivorous
zooplankton as ammonia is toxic to zooplanktorieataged pH. It is noteworthy that
free ammonia is also toxic to algae and thereforegh pH can limit photosynthesis
(Albeliovich 1976); it appears that algae may hogreegain the ability to
photosynthesise when pH and free ammonia concemtsdiall as this pattern can
occur on a daily basis (Pearson et al. 1987, Fékddvet al. 2001). It may also be
the case that the WSP is at times nitrogen lim(i8deeney et al. 2005b) thus
limiting algal growth. The dominant form of nitragén the system after the upgrade
to AS was nitrate; energy from carbohydrate resipimgor reduction to ammonia
within the algal cell prior to use in synthesisaguired; as such carbon fixation rates
per unit oxygen evolved may be 30% higher than wdramonia is used as a
nitrogen source (Falkowski and Raven 2007). Resilitsorganic carbon
concentration, presented in Chapter 6, showedngfisignt draw-down in inorganic
carbon (IC) concentration in WSP 1 during May 200®; concentrations of IC
observed in the WSP during May 2005 were similahtse observed in the
laboratory based bioreactor (Treatment 2) whered€ considered likely to be at
limiting concentration at the pH range observedsTasult was considered to
indicate that an additional factor (carbon limipafi may limit algal biomass during
some periods; again presumably resulting from Haage to very low BOD influent
in 2001, thereby limiting available carbon for adgaom the activity of heterotrophic
bacteria. Recent observations of maturation poh@éiliamstown and Tanunda SA
indicate that similarly low planktonic algal bionsasoncentrations can occur in other

systems of this type (N. Buchanan pers. com. 2010).

187



Low phytoplankton concentrations in the WSP haddrtgmt consequences for light
attenuation within the system; extinction of ligtithin Bolivar WSP prior to
commissioning of the activated sludge plant wasegdly observed within the first
30cm from the surface of the pond (Weatherall 2@tgeney 2004 and R. Evans.
Pers. Obs). During February 2005 (and at the NEpBagisite during May 2005) the
bottom of the pond was clearly visible on many semas with transmitted light
available for growth of microphytobenthos (MPBpleenomenon often seen in
shallow clear water bodies such as Port Phillip Beyoria (Harris et al 1996) and
not identified in the a search of the WSP literateirg. Curtis et al 1994, Short pers.
com. 2011). The presence (inferred) of a significaicrophytobenthos during
February 2005, and at the NE sampling locationndukilay 2005 was considered

likely based on the following observations;

1. Unrealistically high rates of gross and net phottisgsis
(based on online Pl determinations) observed dufetguary
2005 when normalised to planktonic chlorophall_

2. The apparent lack of draw-down of inorganic carlothe
pelagic zone during February 2005 despite highrvbserates
of photosynthesis; in contrast to observationsrduiay
2005.

3. Consistently low light attenuation and consequendg-light

limiting conditions at the bottom of the pond.
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The abundant growth of macrophytes and microphyttitos is well documented in
pond systems where sufficient light reaches sedirf@@olijn and de Jong 1984,
Beardall and Light 1997b, Harris 1996, Fulweileakt 2008) but not in WSPs.
Recent work by Yamamoto et al. (2010) revealedgvortant role for sediments in
terms of nitrogen cycling in Bolivar WSP 1 and pd®d evidence that biomass
assimilation was likely to dominate nitrogen remaaa/NSP environments. The
microcosm assessment methodology of Yamamoto €@10) included incubation
in the dark but did not include measurement ofreedi photosynthetic pigment. As
such it is hypothesised that during periods of lR§D at the sediment pelagic
interface that microphytobenthos may play an imgdrtole in nitrogen removal.
Sigmon and Cahoon (1997) point out that microphgitwhos (MPB) has been
shown to have the capacity to regulate nutrienteffuacross the sediment-water
interface via direct uptake in coastal marine emvinents (Darley et al. 1979,
Sundback et al. 1991). In a mesocosm study oftis@es of sediment incubated in
a laboratory continuous flow system Sundback €131 showed that flux of
nutrients NH*, NOs” and PO# out of sediment into the water column was limited
by uptake (inferred) from MPB. Other studies e.gnl&ck and Jonsson (1988) show
that substantial levels of photosynthetic productee possible in shallow, intertidal,
littoral coastal ecosystems. MPB can be importamegulating N cycling in some
systems. For example, Rysgaard et al. (1995) shtvetdbenthic micro algae were
able to successfully inhibit coupled nitrificatiatenitrification in the benthos
through effective out-competition for substrate fA#N. Similarly, work by
Risgaard-Peterson et al. (2004) suggested thatt dioenpetitive interaction takes
place between algae and ammonia oxidisers, andbémdhic algae can be superior

competitors during this interaction because of aigh uptake rates and growth rates
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than nitrifying bacteria. This generally resultdittie or no nitrification in the upper
pelagic ‘photic’ zone but a sharp increase belag/ zbne (Short pers. com. 2011).
Benthic primary production has also been showrités autrient fluxes and
denitrification by oxygenating surface sedimentstigh photosynthesis and through
nutrient assimilation (see Fulweiler et al., 20@3i. the basis of the above it was
postulated that MPB may drive the productivity loé Bolivar WSP during periods
of low phytoplankton and high light penetrationfgrtially limiting nutrients
released from sediment due to anaerobic/anoxicitonsl (reducing conditions, e.g.
N and IC) the growth of MPB may provide substanti@ductivity for higher

trophic levels (zooplankton) during these periatisoplankton feeding on the
potentially abundant MPB would be available to cks& pelagic zone thus
maintaining transparent conditions suitable forlfeB. It has been shown that
MPB can attach to sediment and stabilise sedimanicfes; reducing the likely
hood of re-suspension (Beardall and Light 1997@@cedotal observations at Bolivar
WSP 1 during February 2005 suggested that sedimartssurprisingly resistant to
turbation during wind events (Chapter 6). This rhaye simply have reflected the
strong degree of stratification in the pond buinailar pattern was generally noted
across the pond. See Table 7.1 for a summary af bigmass concentrations in
sediments from a range of shallow aquatic hab{&26m) (corrected for the
presence of pheophytin a breakdown product of oployll_a (Beardall and Light
(1997a). These authors cautioned that some ofxtineneely high oxygenic
productivity values shown could in-part reflectiaéions in the thickness of the
sediment sampled; nevertheless mean measuremegrtssefprimary productivity of
MPB (Table 7.2) were generally commensurate widséhbiomass estimates. As

might be expected from a shallow, transparent (duFiebruary 2005) and nutrient
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rich pond; the average gross photosynthetic rateBdlivar WSP 1 were
comparatively high but, importantly; within the @loged range shown in the table,
suggesting that the calculated rates (based oortlimee data) were reasonable.
Whilst MPB was not the focus of this thesis and ganbe considered definitive
without data directly assessing sediment biomassirisights of detailed above
could be considered to be an example of the clairsiits that the online data and
analysis algorithm may reveal about potential meigmas of wastewater treatment

when applied to high resolution online data.

Analysis of patterns of thermal stratification #®olivar WSP 1 revealed, in general,
a high degree of consistency in qualitative territk the observations of Sweeney
(2004); this was despite the lower spatial resofutf the data across the pond. Of
note with respect to contrast with earlier work \ifzes apparent resistance of thermal
stratification to changes in wind velocity at sopmad locations during both
sampling periods. For example during the Februanying period the NW
sampling location retained a strong positive thémstratification during the entire 11
day sampling period despite considerable peaksnd speed during some periods.
It was considered most likely that changes in higpoion depth resulted during
periods of high wind speed at locations displayegsistent thermal stratification
(Sweeney 2004). It was noted that net photosyrthates (not normalised to Ch)
during February were highest at the two sites (N &W) both displaying positive
stratification on average. Again, during the Magnpéing period net photosynthetic
rates at the NW sampling site were highest in caorspa to the other sites; during
this period the NW site was isothermal i.e. did display stratification. This was
considered to indicate that location in the pong mluence photosynthetic rate. In

order to test this assertion more research wouletpeired with additional seasonal
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data to establish if such patterns change over ¢inage resilient.

Consistent with the work of Sweeney (2004) the iptasce of positive thermal
stratification events was greatest at the NW, S\ @eantre sampling locations with
persistence of positive thermal stratificationhese localities being much greater
during summer. Negative thermal stratification {eollayer of water at the surface)
was displayed at the NE sampling locality during émtire May05 sampling period,
changes in stratification status at the other sengites were typically cyclic and
varied during the diurnal period. It was noted tih@ NE sampling site displayed
consistently low phytoplankton (and excellent ligkenetration) during the May05
sampling period, consistent with that observed sadl sites during the February05
sampling period. It was considered possible tHatlk of suspended biomass during
February 2005 at all locations (and the NE siterduiMay05) may have contributed
to additional radiative cooling or heating deperndgion air temperature (see Kirk
1994) and contributed to the apparently substamtaéase in persistence of
stratification in comparison to the work of Sweel(2§04). Nevertheless, more

research would be required to confirm this assertio

Investigations of stratification and persistencéhef thermocline and CFD modelled
hydrodynamic flow of the pond in relationship tcagliance and wind velocity and
reported in Sweeney et al. (2003) indicated thetgoential flow (short circuiting) of
influent may be favoured during long and posititratdfication events. Retention
time of Bolivar WSP was a nominal value of 12 daythe time of sampling, with
the system providing a storage ‘polishing’ andrdestction function prior to filtration
and chlorination following passage through Ponds@ 3. Sweeney et al. (2003)

noted that it was probable that a ‘minimum stredifion duration’ existed below
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which short circuiting is negligible due to locaiximg. However, during long
periods of positive stratification, retention timnay be only a matter of hours in a
pond with a mean retention time of 15-20 days (Redaet al.1993). It was
therefore considered reasonable to conclude tipatttiérns of stratification in the
subsequent 2 ponds were similar to Pond 1 thatfdigion could be compromised
during some periods (see Sweeney et al. 2003).st\thlorine disinfection prior to
re-use provided a secondary barrier to human expa@su the greater transparency
of the pond may assist in UV facilitated disinfeatiprocesses; it was considered
consistent with the precautionary principle to édaesadditional vigilance with
respect to chlorination at the final treatment ghaisring potential periods of

significant short circuiting.

Results from in-situ (field-based) measuremenshotosynthesis are difficult to
interpret using the standard Pl apparatus if ssmagransport of samples is required
(Kirk 1994). A review of the WSP literature revedlew attempts to determine
photosynthetic rates of WSP ponds using measursneéntissolved oxygen in situ.
An exception was that of Kayombo et al. (2002) vebsessed diurnal patterns of
change in physical-chemical parameters in a sm&lP\Wystem treating domestic
wastewater (sewage) for a population of 5000 peaiplee University of Dar es
Salaam, Tanzania. These authors concluded thatadivariation of the parameters
measured (DO, pH and temperature) followed a cyditern determined by hourly
and daily variation of light intensity. A statistity significant relationship was
observed by Kayombo et al. (2002) between pH andda@sistent with algae
‘pumping’ protons from solution during photosyntisesnd increasing pH of the

pond water. The paper reported average rates gbid@uction and utilisation
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(based on linear regression) in the individual olodt lacked sufficient
methodological detail to establish what portionshef daily DO ‘curve’ were used
by the authors to generate these parameters; un&ely no data was presented
detailing algal biomass concentrations.

For the sake of the following comparison, it wasussed that the reported DO
production and utilisation rates of Kayombo ef(2002) were obtained in an
analogous fashion to that detailed in this thesisas not however, possible to
compare rates unitised to algal biomass. A summftlye results obtained from the
maturation ponds in the series (Kayombo et al. 20@2e provided with the
potentially equivalent measures (identical unit®amed by analysis of Bolivar
WSP 1 online data as reported in Chapter 6 (TalBle Average oxygen utilisation
rate based on 24 hours data and obtained from megasat of effluent DO
concentration at the outlets of three maturatiomdgsdoy Kayombo et al. (2002),
appeared similar in magnitude to that observeomedocalities sampled in the
Bolivar WSP.

Observations of average DO production rate wegeireral higher in magnitude in
the Bolivar system; however Kayombo et al. (200®yed no information
regarding irradiance or season so quantitative eoisgn must be appropriately
cautious. Net photosynthetic rates were not redditethe Kayombo et al. (2002)
and were therefore calculated by addition for thgpses of this comparison and
provided in Table 7.3. The net photosynthetic vedis again similar to, but generally
lower than, that observed in the Bolivar maturafpond.

A scarcity of published studies in the peer reviéWweerature appears to characterise
the current state of the science in this area oPW&Search; comparison against such

a limited data set does not therefore allow forrd&fe conclusions regarding the
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merits or otherwise of either method. Nevertheteescomparison provides a
starting point from which future comparisons camize. Unfortunately the
methodology applied by Kayombo et al (2002) in dateing OUR and DO

production rate was not clearly detailed thus mgkite comparisons tenuous.

Fortuitously, another study was reported by Wealh&€001) who attempted to
obtain PI curves (with minimal storage of samptaddected from the sanmeries of
WSPs at the University of Dar es Salaam, Tanz#&malysis using the standard Pl
apparatus in the field was reported to be unsutidg$¥eatherell 2001) due to the
lack of a field based laboratory to provide conéwliconditions for analysis. A brief
study using the light-dark bottle method (e.g. Magret al. 1938) was trialled but
considered to be unsatisfactory. A time seriegrab samples were therefore
collected in the field and analysed in the labasatsing the standard Pl apparatus
and provided data from twenty two weekly samplesafsessment (Weatherell et al.
2007). For comparative purposes net photosynthatiss, planktonic biomass and
light attenuation results of this work (from matiwa ponds) were also summarised
in Table 7.4. Whilst potentially confounded by bogffects the data reported by
Weatherell et al. (2003) identified distinct diurmariations in Raxanda; these

were attributed to variation in chlorophyll_a contation.

For comparative purpose, the data collected frofiv80WSP 1 during May 2005
(shown in bold typeface in Table 7.4) was also mered to reveal a contrast (in
comparison to February 2005) in measured photostinthrates when concentrations
of phytoplankton were significant. Weatherall et20103 observed ‘surprisingly’
large variations in diurnal column chlorophyll_ancentrations and cautiously

attributed this observation to very high growtlesatiuring the day and similarly
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high rates of decline overnight. In contrast, ery concentrations of chlorophyt
were consistently observed in the Bolivar maturapond in 2005. During these
periods, and similarly when chlorophyll_a concetibres were higher, variation in
light attenuation was low whilst the photosynth@@rameter Pmax displayed little
variation within a location on averagéariation however, was considerable between
periods (February 2005, May 2005) or between looat(during May 2005; NE
location) when average planktoratgal biomass concentrations were substantially
different. This was considered to highlight the ortance of obtaining data with

both high spatial and temporal resolution and digfthe potential utility of

photosynthetic rate determinations in-situ.

The comparisons discussed above are necessatliiyipay due to limited data
available in the literature; however it appearsltstrate the potential utility of the
in-situ approach to determination of photosynthedtes. The apparently consistent
relationships revealed from analysis of online alssd oxygen data obtained
contemporaneously at multiple sites in a WSP usirggnovel approach provided
confidence that it may be a be useful alternativinat provided by sample storage
and analysis using the standard Pl approach. Bigloaches should provide
complementary data. The Pl apparatus can unambsguprovide the initial light
limited rate of photosynthesis on a per unit PARi®aut appears to enhance light
climate due to enhanced mixing within the P chambilst the 'light history' of
the samples is extremely important. The online dpfaoach appears to offer
potential as a means of calculating in-situ phattsstic efficiency (Falkowski
1981, Laws 1991) and if so would avoid the issuessngy from sample storage and

transport. The apparently similar resultsforevealed in comparison with the
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oceanic productivity database was considered simgrand somewhat remarkable.

This observation is considered a useful targefuture research in light of the

important effort currently underway to understagdatic photosynthesis and its

contribution to global carbon assimilation from aspheric sources both

anthropogenic and non-anthropogenic.

Sub-tidal Sub-tidal Intertidal Intertidal
Marine Esturine Marine Esterine/Saltmarsh
n==62 n=29 n=12 n=25

Minimum 0.04 4 0.04 0.23

(mg chl_a/m)

Maximum 1030 558 500 324

Mean (sd) 107 (185) 98 (119) 82 (137) 57 (76)

Table 7.1. Summary of microphytobenthos biomass from literature, expressed as mg
chl_a/m? in different environments (n = number of estimates). From Beardall and Light

1997a.

Sub-tidal | Sub-tidal Intertidal Intertidal Bolivar

Marine Esterine Marine Esterine/Saltmarsh WSP 1

n=14 n=12 n=3 n=14 n=4
Minimum 2.1 10 23 1 84 (SW site)
(mgC/nfih)
Maximum 276 178 75 120 131 (Centre site)
Mean (sd) 59(72) | 65(57) 49 (26) 48 (33) 104 (21)

Table 7.2. Summary of microphytobenthos gross primary productivity from literature,
expressed as mgC/m?/h in different environments (n = number of estimates). From Beardall
and Light 1997a. Data from Bolivar WSP 1 included for comparison; average of all sites
during February 2005: Determined from online PI determinations and conversion of oxygen
production (per square meter) to unit carbon production using assimilation number = 1.1 (O,-
CO,) and division by 3.66 (CO2 to C) (Falkowski 1991, Laws 1991, Raven and Falkowski

2007).
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Source OUR/hour (mgDO/L/h) GPR/hour Pnet/hour
(mgDO/L/h) (mgDO/L/h)

Kayombo et al. 2002 0.23(0.04) n=3 (ponds) | 0.18(0.11)n=3 0.4 (0.03)n=3
Bolivar WSP 1
(February 05)
NE 0.29 (0.03) n=10 0.33(0.03) n=10 0.62 (0.04) n=10
NW 0.55 (0.02) n=10 0.41 (0.05) n=10 0.96 (0.05) n=10
Centre 0.38 (0.04) n=10 0.48 (0.01)n=10 0.76 (0.05) n=10
SW 0.49 ((0.01) n =10 0.31 ((0.02) n=10 0.80 (0.02) n=10
Bolivar WSP 1

(May 05)
NE 0.20 (0.02) n=11 0.41 (0.02) n=11 0.41 (0.03)n=11
NW 0.36 (0.03) n=11 0.77 (0.62) n=11 0.77 (0.10) n=11
Centre 0.19 (0.04)n=11 0.59 (0.95) n=11 0.59 (0.07) n=11
SW 0.16 (0.03) n=11 0.38 (0.94)n=11 0.54 (0.05) n=11

Table 7.3. Summary of oxygen utilization, gross and net photosynthetic rates without
normalisation to biomass, mean, sd and sample size for maturation WSPs. Kayombo et al.
2002 (n = 1 day of 15 minute interval online DO data, average of 3 maturation ponds).
Bolivar WSP, n = 10 or 11 days of 10 minute interval online DO data (Chapter 6).

Source Pnet/hour/Chl_a Planktonic PAR Attenuation

(ugDO/ugChl_a/hour) Chlorophyll_a (m™)
(Hg/L)

Weatherell et al. 2007 8.54(3.18)n=3 236 n=4 6.98 n=4

Bolivar WSP 1 (February 05)

NE 43(2.1)n=10 145n=4 212 n=3

NW 62 (2.0)n =10 155n=4 214 n=3

Centre 53(4.0)n=10 145n=4 220 n=3

SW 62 (3.3)n=10 13 n=4 230 n=3

Bolivar WSP 1 (May 05)

NE 24 (2.0)n=11 175n=4 231 n=4

NW 46(0.2)n=11 168 n=14 216 n=4

Centre 22(0.1)n=11 271 n=4 261 n=3

SW 3.0(0.06) n =11 178 n=14 225 n=4

Table 7.4. Summary of biomass normalized photosynthetic rates, mean, sd and sample size
for maturation WSP. Weatherell et al. 2007 (n = 3 morning Pl assessments using the
standard apparatus). Bolivar WSP 1, n = 10 or 11 days of 10 minute online DO data PI
determination. Planktonic chlorophyll_a concentration and light attenuation coefficient

(Chapter 6).
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The research presented above provides for thetifinsta detailed assessment of
oxygen dynamics in a WSP using an in-situ techniggieg online data. This novel
approach allowed for consistent and apparentlpmaticomparison of results from
an outdoor HRAP system, a laboratory based HRA®lalgest WSP in the southern
hemisphere and the substantive oceanic algal ptewdycatabase, which at the
time of writing was used as the basis for extantl@®of global carbon cycling
between the ocean and atmosphere.

As such the methodology described when appliedhtlne real time data appears to
offer significant potential as a pond design anchaggment tool for optimisation of

influent loading on a daily, weekly and seasonaida

7.4. Further Studies

The ‘Argo’ Oxygen Program (200Mtfp://www.argo.nétpresented a ‘white

paper’ that ‘justifies and outlines a program td @issolved oxygen probes to the
ARGO 3000 free drifting profiling floats observatisystem and determine on a
global-scale, seasonal and long term variatiorssibisurface dissolved oxygen
concentrations’. Data sets obtained through ttgearch are provided ‘as is’ as open
source resources for the research community. Stwdialgal photosynthesis in
systems such as maturation lagoons may providégaeimeans of understanding
algal activity in difficult to define (physicallygystems such as oceans. Factors that
can be well defined in WSPs such as nutrient leatratention time may provide
unique opportunities for clearly defining (at extres but in meso-scale outdoor and
well definable systems) the action of fundamentaidiny forces such as light
intensity, light attenuation, planktonic vs. bethlgal and bacterial biomass,
temperature, turbulent mixing and possibly the iotjd toxins (Simon 1998) and

pathogens (Lane 2008) on algal productivity andgibéal carbon cycle.
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Appendix A

Excel Macros and Matlab Scripts for preparatiodata for use in Surfer (Surface
Plots)

' Excel Macro: ‘bolivar’

Sub bolivar()
Path = "C:\Program Files\Golden Software\Surfer8\Bo\"

" bolivar Macro copies data from May05 alldata(ktsir columns of DO or
temperature data) to template file for surfer use.
' Macro recorded 10/2/2007 by richard evans; atibenent it just saves the files
into my docs, is not perfect but works.
' The template needs to be selected at C2 and savib@ name below.

Fori=1To 144

ActiveCell.Range("Al:E1").Select

Selection.Copy

Workbooks.Open Filename:= _

"C:\Program Files\Golden Software\Surfe@Wgar\Feb05 data

production\Surfer xls DO\Bolivar data for surfemglate”

ActiveCell.Offset(0, 0).Range("Al1").Select
ActiveSheet.Paste
ActiveCell.Offset(0, 1).Range("Al").Select
Application.CutCopyMode = False
Selection.Cut Destination:=ActiveCell.Offset{1).Range("Al")
ActiveCell.Offset(0, 1).Range("Al1").Select
Selection.Cut Destination:=ActiveCell.Offset{2).Range("Al")
ActiveCell.Offset(0, 1).Range("Al1").Select
Selection.Cut Destination:=ActiveCell.Offset{3).Range("Al")
ActiveCell.Offset(0, 1).Range("Al1").Select
ThisFile = ActiveCell.Value
ActiveWorkbook.SaveAs Filename:=ThisFile
ActiveWorkbook.Close
ActiveCell.Offset(1, 0).Select
Next i

End Sub
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PH] Fle Edit View Insert Fomat Tools Data  Window  Help Type & question for b

inElal A9 - = |75 o verdena -0 -|[Blz u|== =5 AR EIET - -A-f
H - A
A [ B | 5 | [1] | E | F | ] | H | ] | J | | L | [X] | 1] | [1] | 3
1 |North East Neort West Centre  Sowuth West
TIIO o o o filename PAR
18 4.8 59 4.1 4.9710001 L] start data production here as need a window of four data points for PAR
| 4.7 5.8 4.0 5.0 10002 [ ] also DO xls files
Lo | 4.7 5.8 4.0 4.9 10002 ]
Lo | 4.6 5.8 2.9 4.7 10004 ]
|z | 4.6 5.3 3.9 4.7 10005 ]
? 4.5 5.2 3.8 4.6 10006 ]
T 4.3 5.2 3.8 4.7 10007 ]
? 4.3 5.1 3.7 4.6 10008 ]
? 4.2 5.1 3.7 4.7 10009 ]
? 4.2 5.1 37 4.6 10010 o
? 4.2 5.3 3.8 4.7 10011 o
? 42 &3 =8 47 10012 o
? 43 82 =7 47 10013 o
T a1 a1 =8 4.8 10014 o
? 41 a5 =7 47 10015 o
= 4.0 &4 8 4.7 10016 o
|| 2.9 5.4 2.7 4.6 10017 [ ]
| | 4.0 5.4 2.5 4.5 10018 ]
| | 2.8 5.4 2.4 4.4 10019 ]
|| 3.8 5.3 3.4 4.3 10020 ]
? 3.8 5.3 3.3 4.2 10021 ]
: 3.8 5.2 3.2 4.2 10022 ]
T 3.3 5.2 31 4.1 10023 ]
T 3.3 5.3 31 4.0 10024 ]
T 3.3 5.3 31 4.0 10025 o
T 3.7 5.3 31 3.9 10026 o
T 7 &3 1 9 10027 o
? 6 82 1 4.0 10028 o
T 6 4.9 =0 .9 10029 ]

Figure A-1. Example spreadsheet structure for dissolved oxygen; file name and incident
light (PAR) online data.

Excel Macro: ‘wind’

" Sub wind()
Path = "C:\Program Files\Golden Software\Surfer8\Bo\"

" bolivar Macro copies data from Feb05 alldata.(&s columns of wind data and
the filename) to template file for Matlab and trsemfer use.
" Macro recorded 17/3/2007 and 25/11/10 by riclesahs, it saves the files my
documents (most often!).
' The template needs to be selected at A1 and sesv#te name below.

Fori=3To 22

ActiveCell.Range("A1:C1").Select

Selection.Copy

Workbooks.Open Filename:= _

"C:\Program Files\Golden Software\Surfe@Waar\Feb05 data

production\Surfer xIs DO\Bolivar wind template.x|s"

ActiveCell.Offset(0, 0).Range("Al1").Select

ActiveSheet.Paste

ActiveCell.Offset(0, 2).Range("Al1").Select

ThisFile = ActiveCell.Value

ActiveWorkbook.SaveAs Filename:=ThisFile

ActiveWorkbook.Close

ActiveCell.Offset(1, 0).Select

Next i
End Sub
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A [ e T e T o ] E L F T & T W T 7 T J T x [ 1t T wm [ N T o [ =
1 |Column 3 Column 2 This sheet can be used for copying data inte files for surfer use using the template file and bolivar macro

"2l oesl [ kmih] Filename PAR Time (from Neast for reality check)  note: filename starts at 10001 to avoid confusion in loop writing

T 2520 26.1/9388 0.00 /0512005 0:00

Tt 256.0 26.8/9987 0.00 /0512005 0:10

5 262.0 24.770388 0.00 /0512005 0:20

o | 267.0 25.6 9989 0.00 1/05/2005 0:30

7| 249.0 23.9"9990 0.00 1/05/2005 0:40

s | 260.0 26.5/9991 0.00 110512005 0:60

s | 2440 27.4/9392 0.00 /0512005 1:00

o | 2410 19.1/9393 0.00 /0512005 1:10

Tn | 263.0 20.3/3084 0.00 /0512005 1:20

e 250.0 24.5/9398 0.00 /0512005 1:30

| 240.0 27.8/9386 0.00 /0512005 1:40

i | 242.0 28.4"9997 0.00 1/05/2005 1:50

5 | 256.0 22.7 9993 0.00 1/05/2005 2:00

B | 260.0 24.2/9999 0.00 /0512005 2:10

K2 256.0 27.5 10000 0.00 /0512005 2:20

243.0 31.4 10001 0.00 1/05/2005 2:30 start data production here as need a window of four data points for PAR

[ 229.0 22.3/10002 0.00 also DO xIs files

i 243.0 24.1 10003 0.00

T 2420 15.4/10004 0.00

2| 2470 17.1 10008 0.00

Bl 260.0 13.5 10008 0.00

o | 236.0 16.0 10007 0.00

o5 | 243.0 15.7 10008 0.00

o | 2540 17.0 10009 0.00

el 2540 14.5 10010 0.00

Figure A-2. Example spreadsheet structure for dissolved oxygen; file name and incident
light (PAR) online data.

Sub PAR()

Fori=1To 144

Dim FilterName As Object

Dim fruitbun As ChartObject

Dim myrange As Range

Dim gifname As String

Path = "C:\Program Files\Golden Software\S@&\olivar\"

ActiveCell.Select

gifname = ActiveCell.Value

ActiveCell.Offset(-15, 1).Range("A1:A16").Selec

Set myrange = Selection

Application.CutCopyMode = False

Charts.Add

ActiveChart.ApplyCustomType ChartType:=xlUsefibed,
TypeName:="PAR_Feb"

ActiveChart.SetSourceData Source:=myrange

ActiveChart.Location Where:=xILocationAsObiject,
Name:="DO_Ave_day_10min"

ActiveSheet.ChartObjects(1).Select

Set fruitbun = ActiveChart.Parent

ActiveChart.Export Filename:="C:\Program Fi@slden
Software\Surfer8\Bolivar\" + gifname + ".gif", FétName:="GIF"

ActiveWindow.Visible = False

Selection.Delete

ActiveCell.Offset(16, -1).Range("Al").Select

Next i

'‘Macro recorded 19/2/2007 by richard evans

'Active cell is start of column (filename colajneg. in column E and PAR in
column F

‘At moment produces a 16 row window for chalftmovements are relative to the
original active cell.

'Remember to change the sheet name above tiotge&tork.
End Sub
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Matlab script file ‘wind’

% wind m-file

% uses the excel files produced by excel macro ‘win d’
windfile=10004:11568;
for john = windfile %specifies files to process

excelfilename = mat2str(john); %changes number to string

windir=xIsread(excelfilename, 'A2:A6' ); %opens excel file copies
wind direction data and names it (based on wind tem plate)

windspeed=xlIsread(excelfilename, '‘B2:B6' ); %opens excel file
copies windspeed data and names it

rad_windir=windir*pi/180; %converts direction data to radians
for cartesian conversion

[X,y]=pol2cart(rad_windir,windspeed); %prepares data for compass
plot

max_lim=30;

minlim=0;

x_fake=[0 max_lim 0 -max_lim];
y_fake=[max_lim O -max_lim 0];

h_fake=compass(x_fake,y fake);

hold on;

h=compass(x,y);

set(h_fake, 'Visible' ,lofft )

%h=compass(x,y);

view([90,-90])

X = getframe(gcf);

imwrite(X.cdata,excelfilename, 'tiff' , 'Resolution’ ,600)

clf

% to make it work with white background open the fi gure 1 template
and

% then run, works nicely!
end

close all

' Figure 1 E| @| E|

File Edit “iew Insert Tools Desktop  Window Help b

NEES LA ODEL-B|0 »
1]

Figure A-3. Matlab Wind rose template file required for Matlab script.
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=]

Eﬂ File Edit ‘Yiew Insert Format Tools Data  Window  Help

AR " RPN A | & - 125% vai.ﬁ.riaIBlack -1z - B
C14 - A
A B C D
1 |(winddir |windspeed
2 7.53 18 1015
B
4 |
5
6

Figure A-4. Wind data file structure required for Matlab script.

Surfer Macro Script for production of surface plots.
Variations provided for context.

Sub Main

' Create the surfer object.
Set SurferApp = CreateObject("Surfer.Application™)

'‘Make surfer visible,
SurferApp.Visible=False

'‘Get Surfer's startup directory
path = "C:\Program Files\Golden Software\Surfer@\Bo\production
templates\working\"

‘Loop for each file
For John = 10001 To 11568

Paul=Str$(John)

George = LTrim$(Paul)

Ringo= SurferApp.Path + "\Bolivar\production terags\working\" +
George + ".xIs"

'grids the data and saves grid file

retValue = SurferApp.GridData(DataFile:=Ringo, _
XMin:=138.56467523134, XMax:=138.579, YMin:=-344089098664,

YMax:=-34.758, _
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xCol:=1, yCol:=2, zCol:=3, Algorithm:=srfKrigingQutgrid:= Ringo +
".grd")

Next

End Sub

Next Example

Sub Main

' Create the surfer object.
Set SurferApp = CreateObject("Surfer.Application™)

'‘Make surfer visible,
SurferApp.Visible = False
SurferApp.Width = 800
SurferApp.Height = 600

'‘Get Surfer's startup directory
Pathl = SurferApp.Path + "\Bolivar\data\"

'‘Loop for each file
For John = 10805 To 11568

Paul = Str$(John)
George = LTrim$(Paul)
Ringo = SurferApp.Path + "\Bolivar\data\Feb@b&hd light cubic splined
Feb05\DO and PAR surface plots\DO_Rate_excel\" er@ee+ ".xIs"
Yoko= SurferApp.Path + "\Bolivar\data\Feb0O5\teaybic splined
Feb05\temp surface plots\T25 75 excel\" + Georgels"

Set plotdocl = SurferApp.Documents.Add

Set plotwinl = plotdocl.Windows(1)
plotwinl.Activate

Set shapesl = plotdocl.Shapes

'‘AppActivate "Surfer "
‘plotdocl.PageSetup.Orientation = srfLandscape

‘Creates a contour map and assigns the map cotgdiystem to the variable named
"MapFrame"
Set mapframel = shapesl.AddContourMap(GridFileNagwaferApp.Path _

+ "\Bolivar\data\Feb05\do and light cubic splirfeeb05\DO and PAR
surface plots\DO_Rate_grid\" + George + ".xIs" grd")

'‘Declares Levels an object
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Set ContourMapl = mapframel.Overlays(1)

'‘Assigns the Levels collection to the variable ndif@ontourLevels" good ok up to
here
Set ContourLevelsl = ContourMapl.Levels

'Uses the Levels collection to assign contour waks:.
ContourLevelsl.LoadFile(SurferApp.Path + "\Boliymdduction
templates\working\DO_Rate_Level.lvl")

'Fill the contour map levels
ContourMapl.FillContours = True

‘Creates a base map and assigns the map coorsyséden to the variable named
"MapFrame" Good it works!

Set mapframe2 = Shapesl.AddBaseMap(ImportFileNadweferApp.Path
+"\Bolivar\production templates\working\Bolivar Iollabin")

'‘Base map line properties
Set BaseMapl = mapframe2.Overlays(1)
BaseMapl.Fill.Pattern = "Solid"

'‘Creates a post map and assigns the map coordiysiean to the variable named
"MapFrame" puts crosses on Good it works!

Set mapframe3 = Shapesl.AddPostMap(DataFileNamegolRi

Set PostMapl = mapframe3.Overlays(1)

' Retrieve the parent PlotDocument object

Set plotdocl = mapframel.Parent

' Clear all selections and then select the MapFraipects
plotdocl.Selection.DeselectAll

‘Select the maps

mapframel.Selected = True
mapframe2.Selected = True
mapframe3.Selected = True

' Overlay the selected maps
plotdocl.Selection.OverlayMaps

'‘Move DO plot to Top LHS
plotdocl.Selection.Top=29
plotdocl.Selection.Left=0

'Shows Colout scale
ContourMap1.ShowColorScale = True
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plotdocl.Selection.DeselectAll

'‘Now Temperature

‘Creates a contour map and assigns the map cotgdiystem to the variable named
"MapFrame"
Set MapFrame4 = Shapesl.AddContourMap(GridFileNaSweferApp.Path _

+ "\Bolivar\data\Feb05\temp cubic splined FebOBesurface
plots\T25_ 75 grid\" + George + ".xIs" + ".grd")

'‘Declares Levels an Object
Set ContourMap2 = MapFrame4.Overlays(1)

'Assigns the Levels collection to the variable ndrt@ontourLevels"
Set ContourLevels2 = ContourMap2.Levels

'Uses the Levels collection to assign contour ks
ContourLevels2.LoadFile(SurferApp.Path + "\Boliymdduction
templates\working\Bolivar level Feb T25_75.Ivl")

‘create color map scale
Set ContourMap2 = MapFrame4.Overlays(1)
'‘ContourMap2.ShowColorScale = True

'Fill the contour map levels
ContourMap2.FillContours = True

'‘Creates a base map and assigns the map coorslyséden to the variable named
"MapFrame" Good it works!

Set MapFrame5 = Shapesl.AddBaseMap(ImportFileNasueferApp.Path
+"\Bolivar\production templates\working\Bolivar Iolla.bin")

'‘Base map line properties

Set BaseMap2 = MapFrame5.Overlays(1)

BaseMap2.Fill.Pattern = "Solid"

‘Creates a post map and assigns the map coorgiysttan to the variable named
"MapFrame" puts crosses on: will only work when tseperate plots

Set MapFrame6 = Shapesl.AddPostMap(DataFileNamé&s)Yo

Set PostMap2 = MapFrame6.0Overlays(1)

' Retrieve the parent PlotDocument object

Set plotdocl = mapframe4.Parent

' Clear all selections and then select the MapFralopects
plotdocl.Selection.DeselectAll
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'Select the maps

mapframe4.Selected = True
mapframe5.Selected = True
mapframe6.Selected = True

' Overlay the selected maps
plotdocl.Selection.OverlayMaps

'Move Temperature plot to Top RHS
plotdocl.Selection.Top=29
plotdocl.Selection.Left=18

‘Shows Colout scale
ContourMap2.ShowColorScale = True

plotdocl.Selection.DeselectAll
'‘Now text for

‘Creates a text string and assigns it to the viariabmed "Text3"
Set Textl = Shapesl.AddText(x:=15.2, y:=15, TeX@@" rate(mg/L/hour)")
Textl.Font.Size = 13

‘Creates a text string and assigns it to the viariabmed "Text3"
Set Text2 = Shapesl.AddText(x:=34, y:=15, Text:#f{@egC/m)")
Text2.Font.Size = 13

‘imports gif image
Set parplot = plotdocl.Import(SurferApp.Path + 'liBar\data\Feb05\do and light
cubic splined Feb05\gifs of PAR\" + George + ".if"

'moves image
parplot.Left=1
parplot. Top=12

‘Creates a text string and assigns it to the viariabmed "Text3"

Set Text3 = Shapesl.AddText(x:=2, y:=4.5, Text:=Rf@dmol/m2/sec), current data
=16")

Text3.Font.Size = 20

'‘Creates a text string and assigns it to the vieriabmed "Text4"

Set Text4 = Shapesl.AddText(x:=2, y:=1, Text:="Feh0 Minute Increments 17/2
00:00 to 27/2 24:00")

Text4.Font.Size = 20

‘imports tif image
Set Windplot = plotdocl.Import(SurferApp.Path +dlBar\data\FebO5\wind\" +
George + ".tif")

'moves image
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Windplot.Left=16.5
Windplot.Top=12

‘Creates a text string and assigns it to the viariabmed "Text5"

Set Text5 = Shapesl.AddText(x:=2, y:=3, Text:="Wihickction and velocity
(km/hour)™)

Text5.Font.Size = 20

‘exports whole lot as a gif; ‘but do not overloble timportance of copper’:
N.Mascuri pers. com. 2011.
plotdocl.Export(FileName:=SurferApp.Path + "\Boliymoduction
templates\working\" + George + ".gif",
Options:="Height=625,ColorDepth=24,HDPI=60")

Next

End Sub

Next Example

Sub Main

' Create the surfer object.
Set SurferApp = CreateObject("Surfer.Application™)

'‘Make surfer visible,
SurferApp.Visible = False
SurferApp.Width = 800
SurferApp.Height = 600

'‘Get Surfer's startup directory
Pathl = SurferApp.Path + "\Bolivar\data\"

'‘Loop for each file
For John = 10801 To 11568

Paul = Str$(John)
George = LTrim$(Paul)
Ringo = SurferApp.Path + "\Bolivar\data\Feb@b&hd light cubic splined
Feb05\DO and PAR surface plots\excel files\" + @eorx ".xIs"
Yoko= SurferApp.Path + "\Bolivar\data\Feb0O5\teaybic splined
Feb05\temp surface plots\T25 75 excel\" + Georgels"

Set plotdocl = SurferApp.Documents.Add
Set plotwinl = plotdocl.Windows(1)
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plotwinl.Activate

Set shapesl = plotdocl.Shapes

'‘AppActivate "Surfer "
‘plotdocl.PageSetup.Orientation = srfLandscape

‘Creates a contour map and assigns the map cotadiystem to the variable named
"MapFrame"
Set mapframel = shapesl.AddContourMap(GridFileNaswferApp.Path _

+ "\Bolivar\data\Feb05\do and light cubic splirfeeb05\DO and PAR
surface plots\grid files\" + George + ".xIs" + "y

'‘Declares Levels an object
Set ContourMapl = mapframel.Overlays(1)

'‘Assigns the Levels collection to the variable ndif@ontourLevels" good ok up to
here
Set ContourLevelsl = ContourMapl.Levels

'Uses the Levels collection to assign contour waks:.
ContourLevelsl.LoadFile(SurferApp.Path + "\Boliyadduction
templates\working\Bolivar level.lvl")

'Fill the contour map levels
ContourMapl.FillContours = True

'‘Creates a base map and assigns the map coorsyséden to the variable named
"MapFrame" Good it works!

Set mapframe2 = Shapesl.AddBaseMap(ImportFileNadweferApp.Path
+"\Bolivar\production templates\working\Bolivar Iollabin")

'‘Base map line properties

Set BaseMapl = mapframe2.Overlays(1)

BaseMapl.Fill.Pattern = "Solid"

'‘Creates a post map and assigns the map coordiysitan to the variable named
"MapFrame" puts crosses on Good it works!

Set mapframe3 = Shapesl.AddPostMap(DataFileNamegolRi

Set PostMapl = mapframe3.Overlays(1)

' Retrieve the parent PlotDocument object

Set plotdocl = mapframel.Parent

' Clear all selections and then select the MapFraipects
plotdocl.Selection.DeselectAll

'Select the maps

mapframel.Selected = True
mapframe2.Selected = True
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mapframe3.Selected = True

' Overlay the selected maps
plotdocl.Selection.OverlayMaps

'‘Move DO plot to Top LHS
plotdocl.Selection.Top=29
plotdocl.Selection.Left=0

'Shows Colout scale
ContourMap1.ShowColorScale = True

plotdocl.Selection.DeselectAll

'Now Temperature

‘Creates a contour map and assigns the map cotgdiystem to the variable named
"MapFrame"
Set MapFrame4 = Shapesl.AddContourMap(GridFileNaSwaferApp.Path _

+ "\Bolivar\data\Feb05\temp cubic splined FebOBesurface
plots\T25_ 75 grid\" + George + ".xIs" + ".grd")

'‘Declares Levels an Object
Set ContourMap2 = MapFrame4.Overlays(1)

'Assigns the Levels collection to the variable ndrt@ontourLevels"
Set ContourLevels2 = ContourMap2.Levels

'Uses the Levels collection to assign contour k.
ContourLevels2.LoadFile(SurferApp.Path + "\Boliymdduction
templates\working\Bolivar level Feb T25_75.Ivl")

‘create color map scale
Set ContourMap2 = MapFrame4.Overlays(1)
'‘ContourMap2.ShowColorScale = True

'Fill the contour map levels
ContourMap2.FillContours = True

'‘Creates a base map and assigns the map coorslyséden to the variable named
"MapFrame" Good it works!

Set MapFrame5 = Shapesl.AddBaseMap(ImportFileNasueferApp.Path
+"\Bolivar\production templates\working\Bolivar Iolla.bin")

'‘Base map line properties

Set BaseMap2 = MapFrame5.Overlays(1)
BaseMap2.Fill.Pattern = "Solid"
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'‘Creates a post map and assigns the map coordiysitan to the variable named
"MapFrame" puts crosses on: will only work when tseperate plots
Set MapFrame6 = Shapesl.AddPostMap(DataFileNamé&s)Yo

Set PostMap2 = MapFrame6.0Overlays(1)
' Retrieve the parent PlotDocument object
Set plotdocl = mapframe4.Parent

' Clear all selections and then select the MapFraipects
plotdocl.Selection.DeselectAll

'Select the maps

mapframe4.Selected = True
mapframe5.Selected = True
mapframe6.Selected = True

' Overlay the selected maps
plotdocl.Selection.OverlayMaps

'Move Temperature plot to Top RHS
plotdocl.Selection.Top=29
plotdocl.Selection.Left=18

'Shows Colout scale
ContourMap2.ShowColorScale = True

plotdocl.Selection.DeselectAll

'‘Now text for

'‘Creates a text string and assigns it to the vieriabmed "Text3"
Set Textl = Shapesl.AddText(x:=15.2, y:=15, Tex@3{mg/L)")
Textl.Font.Size = 13

'‘Creates a text string and assigns it to the vieriabmed "Text3"
Set Text2 = Shapesl.AddText(x:=34, y:=15, Text:#f{deg C)")
Text2.Font.Size = 13

'imports gif image

Set parplot = plotdocl.Import(SurferApp.Path + "liBar\data\Feb05\do and light
cubic splined Feb05\gifs of PAR\" + George + ".jif"

'moves image

parplot.Left=1

parplot.Top=12

'‘Creates a text string and assigns it to the vieriabmed "Text3"
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Set Text3 = Shapesl.AddText(x:=2, y:=4.5, Text:=FRf@dmol/m2/sec), current data
=16")
Text3.Font.Size = 20

'‘Creates a text string and assigns it to the viariadmed "Text4"

Set Text4 = Shapesl.AddText(x:=2, y:=1, Text:="Feh0 Minute intervals 17/2
00:00 to 27/2 24:00")

Text4.Font.Size = 20

'imports tif image
Set Windplot = plotdocl.Import(SurferApp.Path +dlBar\data\FebO05\wind\" +
George + ".tif")

'moves image
Windplot.Left=16.5
Windplot.Top=12

‘Creates a text string and assigns it to the viariabmed "Text5"

Set Text5 = Shapesl.AddText(x:=2, y:=3, Text:="Wihickction and velocity
(km/hour)™)

Text5.Font.Size = 20

‘exports whole lot as a gif
plotdocl.Export(FileName:=SurferApp.Path + "\Boliymoduction
templates\working\" + George + ".gif",
Options:="Height=625,ColorDepth=24,HDPI=60")

Next

End Sub

Next Example

Sub Main

' Create the surfer object.
Set SurferApp = CreateObject("Surfer.Application™)

‘Make surfer visible,
SurferApp.Visible = False
SurferApp.Width = 800
SurferApp.Height = 600

'‘Get Surfer's startup directory
Pathl = SurferApp.Path + "\Bolivar\data\"
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‘Loop for each file
For John = 10801 To 11425

Paul = Str$(John)
George = LTrim$(Paul)
Ringo = SurferApp.Path + "\Bolivar\data\MayO0&\and light cubic splined
May05\DO_Rate\excel files\" + George + ".xIs"
Yoko= SurferApp.Path + "\Bolivar\data\MayO5\terryic splined
MayO05\temp surface plots\T25_ 75 excel\" + GeordeIs”

Set plotdocl = SurferApp.Documents.Add

Set plotwinl = plotdocl.Windows(1)
plotwinl.Activate

Set shapesl = plotdocl.Shapes

'‘AppActivate "Surfer "
‘plotdocl.PageSetup.Orientation = srfLandscape

'‘Creates a contour map and assigns the map cotediystem to the variable named
"MapFrame"
Set mapframel = shapesl.AddContourMap(GridFileNagwferApp.Path _

+ "\Bolivar\data\May05\do and light cubic splinkthy05\DO _Rate\grid
files\" + George + ".xIs" + ".grd")

'Declares Levels an object
Set ContourMapl = mapframel.Overlays(1)

'‘Assigns the Levels collection to the variable ndrt@ontourLevels" good ok up to
here
Set ContourLevelsl = ContourMapl.Levels

'‘Uses the Levels collection to assign contour k.
ContourLevelsl.LoadFile(SurferApp.Path + "\Boliymdduction
templates\working\DO_Rate_level.lvI")

'Fill the contour map levels
ContourMap1l.FillContours = True

'‘Creates a base map and assigns the map coorslyséden to the variable named
"MapFrame" Good it works!

Set mapframe2 = Shapesl.AddBaseMap(ImportFileNa®weterApp.Path
+"\Bolivar\production templates\working\Bolivar Iolla.bin")

'‘Base map line properties
Set BaseMapl = mapframe2.Overlays(1)
BaseMapl.Fill.Pattern = "Solid"

‘Creates a post map and assigns the map coorgiysttan to the variable named

"MapFrame" puts crosses on Good it works!
Set mapframe3 = Shapesl.AddPostMap(DataFileNamegolRi
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Set PostMapl = mapframe3.Overlays(1)
' Retrieve the parent PlotDocument object
Set plotdocl = mapframel.Parent

' Clear all selections and then select the MapFraiopects
plotdocl.Selection.DeselectAll

'Select the maps

mapframel.Selected = True
mapframe2.Selected = True
mapframe3.Selected = True

' Overlay the selected maps
plotdocl.Selection.OverlayMaps

'Move DO plot to Top LHS
plotdocl.Selection.Top=29
plotdocl.Selection.Left=0

‘Shows Colout scale
ContourMapl.ShowColorScale = True

plotdocl.Selection.DeselectAll

'Now Temperature

'‘Creates a contour map and assigns the map cotediystem to the variable named
"MapFrame"
Set MapFrame4 = Shapesl.AddContourMap(GridFileNaSwaferApp.Path _

+ "\Bolivar\data\MayO05\temp cubic splined MayOBye surface
plots\T25 75 grid\" + George + ".xIs" + ".grd")

'‘Declares Levels an Object
Set ContourMap2 = MapFrame4.Overlays(1)

'Assigns the Levels collection to the variable ndrt@ontourLevels"
Set ContourLevels2 = ContourMap2.Levels

'Uses the Levels collection to assign contour waks:.
ContourLevels2.LoadFile(SurferApp.Path + "\Boliyadduction
templates\working\Bolivar level Feb T25_75.Ivl")

‘create color map scale

Set ContourMap2 = MapFrame4.Overlays(1)
'‘ContourMap2.ShowColorScale = True
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'Fill the contour map levels
ContourMap2.FillContours = True

'‘Creates a base map and assigns the map coorsyséden to the variable named
"MapFrame" Good it works!

Set MapFrame5 = Shapesl.AddBaseMap(ImportFileNagueferApp.Path
+"\Bolivar\production templates\working\Bolivar Iollabin")

'‘Base map line properties

Set BaseMap2 = MapFrame5.Overlays(1)

BaseMap2.Fill.Pattern = "Solid"

'‘Creates a post map and assigns the map coordiysiean to the variable named
"MapFrame" puts crosses on: will only work when tseperate plots

Set MapFrame6 = Shapesl.AddPostMap(DataFileNamé&s)Yo

Set PostMap2 = MapFrame6.0Overlays(1)

' Retrieve the parent PlotDocument object

Set plotdocl = mapframe4.Parent

' Clear all selections and then select the MapFraipects
plotdocl.Selection.DeselectAll

‘Select the maps

mapframe4.Selected = True
mapframe5.Selected = True
mapframe6.Selected = True

' Overlay the selected maps
plotdocl.Selection.OverlayMaps

'Move Temperature plot to Top RHS
plotdocl.Selection.Top=29
plotdocl.Selection.Left=18

'Shows Colout scale
ContourMap2.ShowColorScale = True

plotdocl.Selection.DeselectAll

'‘Now text for

'‘Creates a text string and assigns it to the vieriabmed "Text3"

Set Textl = Shapesl.AddText(x:=15.2, y:=15, TeX@®@" rate(mg/L/hour)")
Textl.Font.Size = 13

'‘Creates a text string and assigns it to the vieriabmed "Text3"
Set Text2 = Shapesl.AddText(x:=34, y:=15, Text:BT25(DegC/m)")
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Text2.Font.Size = 13

'imports gif image
Set parplot = plotdocl.Import(SurferApp.Path + "igar\data\May05\do and light
cubic splined May05\gifs of PAR\" + George + ".¢gif"

'moves image
parplot.Left=1
parplot.Top=13

'‘Creates a text string and assigns it to the vieriabmed "Text3"

Set Text3 = Shapesl.AddText(x:=2, y:=4.5, Text:=RPdmol/m2/sec), current data
=16")

Text3.Font.Size = 20

‘Creates a text string and assigns it to the viariabmed "Text4"

Set Text4 = Shapesl.AddText(x:=2, y:=1, Text:="May@® minute intervals 1/5
00:00 to 11/5 24:00")

Text4.Font.Size = 20

'imports tif image
Set Windplot = plotdocl.Import(SurferApp.Path +dlBar\data\May05\wind\" +
George + ".tif")

'moves image
Windplot.Left=16.5
Windplot.Top=12

'‘Creates a text string and assigns it to the vieriabmed "Text5"

Set Text5 = Shapesl.AddText(x:=2, y:=3, Text:="Wihigkction and velocity
(km/hour)")

Text5.Font.Size = 20

‘exports whole lot as a gif
plotdocl.Export(FileName:=SurferApp.Path + "\Boliymoduction
templates\working\" + George + ".gif",
Options:="Height=625,ColorDepth=24,HDPI=60")

Next
End Sub

End Appendix A
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Appendix B

Electronic Files

The Table below provides a listing of names and sizes of the 'data
movie' files referred to in Chapter 6. These files are provided as a 'zip'
archive for download with the Thesis.

The 'zip' file archive is named '03_Appendix B Electronic Files.zip'

Series Filename Size
A Feb05 DO T PAR_ Wind.mov 148 Mb
May05 DO T PAR Wind.mov 132 Mb
B Feb05 DO _T25 75 PAR_Wind.mov 129 Mb
May05 DO T25 75 PAR Wind.mov 118 Mb
C Feb05 DO rate T25 75 PAR_Wind.mov 114 Mb
May05 DO rate T25 75 PAR Wind.mov 93 Mb
D Feb05 Ave DAY DO T PAR_Wind.mov 6.6 Mb
May05 Ave Day DO T PAR Wind.mov 6.1 Mb
E Feb05 Ave Day DO_T25 75 PAR_Wind.mov 5.4 Mb
May05 Ave Day DO T25 75 PAR Wind.mov 5.7 Mb
F Feb05 Ave Day DO _Rate T25 75 PAR_Wind.mov 4.6 Mb
May05 Ave Day DO Rate T25 75 PAR Wind.mov 4.4 Mb
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Appendix C

Factor Analysis Output Files (SPSS V17 _2010 update)

Output for Chapter 6 Figqure 6.15

FACTOR /VARIABLES PAR_Da_1 NE_Tdiff_1 NW_Tdiff_ 1 C_Tdiff _1 SW_Tdiff_1
Wind_d_1Wind_s_1 /MISSING LISTWISE /ANALYSIS PAR_Da_1 NE_Tdiff 1
NW_Tdiff_ 1 C_Tdiff__1 SW_Tdiff_1 Wind_d_1 Wind_s_1 /PRINT UNIVARIATE INITIAL
EXTRACTION ROTATION /PLOT ROTATION /CRITERIA FACTORS(2) ITERATE(25)
JEXTRACTION PC /CRITERIA ITERATE(25) /ROTATION VARIMAX
IMETHOD=CORRELATION.

Factor Analysis

Notes

Input

Missing Value Handling

Output Created

Comments

Data

Active Dataset

Filter

Weight

Split File

N of Rows in Working Data
File

Definition of Missing

Cases Used

30-Mar-2011 22:05:34

C:\Complete\Chapter 6

Bolivar\spss\Feb05_aligned.sav
DataSet2

<none>

<none>

<none>

144

MISSING=EXCLUDE: User-defined

missing values are treated as missing.

LISTWISE: Statistics are based on
cases with no missing values for any

variable used.
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Resources

Syntax

Processor Time
Elapsed Time

Maximum Memory Required

FACTOR

IVARIABLES PAR_Da_1 NE_Tdiff 1
NW_Tdiff_1 C_Tdiff__1 SW_Tdiff_1
Wind_d_1Wind_s_1

/IMISSING LISTWISE

/ANALYSIS PAR_Da_1 NE_Tdiff 1
NW_Tdiff 1 C_Tdiff 1 SW_Tdiff 1
Wind_d_1Wind_s_1

/PRINT UNIVARIATE INITIAL
EXTRACTION ROTATION

/PLOT ROTATION

/CRITERIA FACTORS(2)
ITERATE(25)

/[EXTRACTION PC

/ICRITERIA ITERATE(25)

/ROTATION VARIMAX

/METHOD=CORRELATION.

0:00:00.266
0:00:00.266

7204 (7.035K) bytes

[DataSet2] C:\Complete\Chapter 6 Bolivar\spss\Feb05_aligned.sav

Descriptive Statistics

Mean Std. Deviation | Analysis N
DIFF(PAR_Day11,1) .0000 32.83360 143
DIFF(NE_T25_75,1) .0000 .09038 143
DIFF(NW_T25_75,1) .0007 .08349 143
DIFF(C_T25_75,1) .0021 .07068 143
DIFF(SW_T25_75,1) .0070 .10254 143
DIFF(Wind_dir_Day11,1) .0343 1.91602 143
DIFF(Wind_dir_Day11,1) .0343 1.91602 143

Communalities

Initial Extraction
DIFF(PAR_Day11,1) 1.000 272
DIFF(NE_T25_75,1) 1.000 .083
DIFF(NW_T25_75,1) 1.000 543
DIFF(C_T25_75,1) 1.000 AT2
DIFF(SW_T25_75,1) 1.000 583
DIFF(Wind_dir_Day11,1) 1.000 .955
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Descriptive Statistics
Mean Std. Deviation | Analysis N

DIFF(PAR_Day11,1) .0000 32.83360 143
DIFF(NE_T25_75,1) .0000 .09038 143
DIFF(NW_T25_75,1) .0007 .08349 143
DIFF(C_T25_75,1) .0021 .07068 143
DIFF(SW_T25_75,1) .0070 .10254 143
DIFF(Wind_dir_Day11,1) .0343 1.91602 143
DIFF(Wind_dir_Day11,1) 1.000 .955

Extraction Method: Principal Component Analysis.

Total Variance Explained

Compo Initial Eigenvalues

nent Total % of Variance | Cumulative %
1 2.271 32.448

2 1.591 22.732

3 1.065 15.218 70.398
4 .940 13.424 83.822
5 .709 10.134 93.956
6 423 6.044 100.000
7 1.901E-16 2.715E-15 100.000

Extraction Method: Principal Component Analysis.

Total Variance Explained

Initial
Compo Eigenvalues Extraction Sums of Squared Loadings
nent Cumulative % Total % of Variance | Cumulative %
1 32.448 2.271 32.448 32.448
2 55.180 1.591 22.732 55.180

Extraction Method: Principal Component Analysis.

Total Variance Explained

Compo Rotation Sums of Squared Loadings

nent Total % of Variance | Cumulative %
1 2.169 30.987 30.987
2 1.694 24.193 55.180

Extraction Method: Principal Component Analysis.
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Component Matrix®

Component
1 2
DIFF(PAR_Day11,1) .165 494
DIFF(NE_T25_75,1) 281 .061
DIFF(NW_T25_75,1) 154 721
DIFF(C_T25_75,1) 553 407
DIFF(SW_T25_75,1) 507 571
DIFF(Wind_dir_Day11,1) .888 -.408
DIFF(Wind_dir_Day11,1) .888 -.408

Extraction Method: Principal Component Analysis.
a. 2 components extracted.

Rotated Component Matrix®

Component
1 2
DIFF(PAR_Day11,1) -.040 520
DIFF(NE_T25_75,1) 236 165
DIFF(NW_T25_75,1) -.138 724
DIFF(C_T25_75,1) 352 590
DIFF(SW_T25_75,1) 246 723
DIFF(Wind_dir_Day11,1) 977 -.031
DIFF(Wind_dir_Day11,1) 977 -.031

Extraction Method: Principal Component Analysis.

Rotation Method: Varimax with Kaiser Normalization.
a. Rotation converged in 3 iterations.

Component Transformation

Matrix
Compo
nent 1 2
1 .922 .388
2 -.388 .922

Extraction Method: Principal
Component Analysis.
Rotation Method: Varimax with

Kaiser Normalization.
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Component Plot in Rotated Space

0.5

Component 2

-0.59

WY _Teliff | SW_Tdiff_1
2 € C_Tdiff__1
PAR|Da_1 [+]
(o]
MNE_Teliff_1
o]
Winel_d_1
2]
Wind_s_1
T T T T
1.0 -0.5 0.0 0s 1.0

Component 1

Output for Chapter 6 Figure 6.16

FACTOR /VARIABLES Wind_s_1 Wind_d_1 NE_Tdiff_1 NW_Tdiff_1 C_Tdiff__ 1
SW_Tdiff_ 1 PAR_Da_1 /MISSING LISTWISE /ANALYSIS Wind_s_1Wind_d_1
NE_Tdiff_1 NW_Tdiff_1 C_Tdiff _1 SW_Tdiff_1 PAR_Da_1 /PRINT UNIVARIATE INITIAL
EXTRACTION /PLOT ROTATION /CRITERIA FACTORS(2) ITERATE(25)
JEXTRACTION PC /ROTATION NOROTATE /METHOD=CORRELATION.

Factor Analysis

Notes

Input

Missing Value Handling

Output Created

Comments

Data

Active Dataset

Filter

Weight

Split File

N of Rows in Working Data
File

Definition of Missing

30-Mar-2011 22:10:27

C:\Complete\Chapter 6

Bolivar\spss\May05_aligned.sav
DataSet3

<none>

<none>

<none>

144

MISSING=EXCLUDE: User-defined

missing values are treated as missing.
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Cases Used LISTWISE: Statistics are based on
cases with no missing values for any

variable used.

Syntax FACTOR

/VARIABLES Wind_s_1 Wind_d_1
NE_Tdiff_1 NW_Tdiff_1 C_Tdiff 1
SW_Tdiff_1 PAR _Da_1

/IMISSING LISTWISE

JANALYSIS Wind_s_1Wind_d_1
NE_Tdiff_1 NW_Tdiff_1 C_Tdiff 1
SW_Tdiff_1 PAR _Da_1

/PRINT UNIVARIATE INITIAL
EXTRACTION

/PLOT ROTATION

/ICRITERIA FACTORS(2)
ITERATE(25)

/[EXTRACTION PC

/ROTATION NOROTATE

/METHOD=CORRELATION.

Resources Processor Time 0:00:00.234
Elapsed Time 0:00:00.281
Maximum Memory Required 7204 (7.035K) bytes

[DataSet3] C:\Complete\Chapter 6 Bolivar\spss\May05_aligned.sav

Descriptive Statistics

Mean Std. Deviation | Analysis N
DIFF(Wind_speed_Day10,1) -.0133 1.26859 143
DIFF(Wind_dir_Day10,1) 3776 53.63174 143
DIFF(NE_T25_75,1) .0000 .06608 143
DIFF(NW_T25_75,1) .0014 .07410 143
DIFF(C_T25_75,1) .0007 .07645 143
DIFF(SW_T25_75,1) .0014 .10614 143
DIFF(PAR_Day10,1) .0000 25.88980 143

Communalities

Initial Extraction
DIFF(Wind_speed_Day10,1) 1.000 428
DIFF(Wind_dir_Day10,1) 1.000 593
DIFF(NE_T25_75,1) 1.000 .265
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Descriptive Statistics

Mean Std. Deviation | Analysis N
DIFF(Wind_speed_Day10,1) -.0133 1.26859 143
DIFF(Wind_dir_Day10,1) 3776 53.63174 143
DIFF(NE_T25_75,1) .0000 .06608 143
DIFF(NW_T25_75,1) .0014 .07410 143
DIFF(C_T25_75,1) .0007 .07645 143
DIFF(SW_T25_75,1) .0014 .10614 143
DIFF(NW_T25_75,1) 1.000 699
DIFF(C_T25_75,1) 1.000 724
DIFF(SW_T25_75,1) 1.000 .705
DIFF(PAR_Day10,1) 1.000 .029

Extraction Method: Principal Component Analysis.

Total Variance Explained

Compo Initial Eigenvalues

nent Total % of Variance | Cumulative %
1 2.235 31.928

2 1.208 17.257

3 1.085 15.495 64.681
4 .949 13.563 78.244
5 .740 10.574 88.818
6 421 6.019 94.837
7 .361 5.163 100.000

Extraction Method: Principal Component Analysis.

Total Variance Explained

Initial
Compo Eigenvalues Extraction Sums of Squared Loadings
nent Cumulative % Total % of Variance | Cumulative %
1 31.928 2.235 31.928 31.928
2 49.186 1.208 17.257 49.186

Extraction Method: Principal Component Analysis.
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Component Matrix®

Component

1 2
DIFF(Wind_speed_Day10,1) 419 .502
DIFF(Wind_dir_Day10,1) -.078 -.766
DIFF(NE_T25_75,1) .100 505
DIFF(NW_T25_75,1) 813 -.196
DIFF(C_T25_75,1) .820 -.229
DIFF(SW_T25_75,1) .838 .047
DIFF(PAR_Day10,1) -.089 145
Extraction Method: Principal Component Analysis.
a. 2 components extracted.

Component Plot

1.0
NE_Tiff 1 \Wind_s 1
0.5 o o
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Output for Chapter 6 Figure 6.28

FACTOR /VARIABLES Wind_s_1C_DO_D_1SW_DO__ 1Wind d_1NE_DO__1
NW_DO__ 1 /MISSING LISTWISE /ANALYSISWind_s_1C_DO_D_1SW _DO_ 1
Wind_d_1 NE_DO__1NW_DO__1 /PRINT UNIVARIATE INITIAL EXTRACTION
ROTATION /PLOT ROTATION /CRITERIA FACTORS(2) ITERATE(25) /EXTRACTION
PC /CRITERIA ITERATE(25) /ROTATION VARIMAX /METHOD=CORRELATION.

Factor Analysis

Notes

Input

Missing Value Handling

Output Created

Comments

Data

Active Dataset

Filter

Weight

Split File

N of Rows in Working Data
File

Definition of Missing

Cases Used

30-Mar-2011 22:13:26

C:\Complete\Chapter 6

Bolivar\spss\Feb05_aligned.sav
DataSet2

<none>

<none>

<none>

144

MISSING=EXCLUDE: User-defined

missing values are treated as missing.

LISTWISE: Statistics are based on
cases with no missing values for any

variable used.
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Syntax FACTOR

/VARIABLES Wind_s_1C_DO D 1
SW_DO__1Wind_d 1NE_DO_1
NW_DO 1

/IMISSING LISTWISE

/ANALYSIS Wind_s_1C_DO D 1
SW_DO__1Wind d_1NE_DO_ 1
NW_DO_ 1

/PRINT UNIVARIATE INITIAL
EXTRACTION ROTATION

/PLOT ROTATION

/CRITERIA FACTORS(2)
ITERATE(25)

/[EXTRACTION PC

/ICRITERIA ITERATE(25)

/ROTATION VARIMAX

/METHOD=CORRELATION.

Resources Processor Time 0:00:00.266
Elapsed Time 0:00:00.282
Maximum Memory Required 5544 (5.414K) bytes

[DataSet2] C:\Complete\Chapter 6 Bolivar\spss\Feb05_aligned.sav

Descriptive Statistics

Mean Std. Deviation | Analysis N
DIFF(Wind_dir_Day11,1) .0343 1.91602 143
DIFF(C_DO_Dayl1,1) -.0021 .22390 143
DIFF(SW_DO_Day11,1) -.0129 22835 143
DIFF(Wind_dir_Day11,1) .0343 1.91602 143
DIFF(NE_DO_Day11,1) -.0183 .34915 143
DIFF(NW_DO_Day11,1) -.0146 77271 143

Communalities

Initial Extraction
DIFF(Wind_dir_Day11,1) 1.000 .990
DIFF(C_DO_Day11,1) 1.000 A74
DIFF(SW_DO_Day11,1) 1.000 134
DIFF(Wind_dir_Day11,1) 1.000 .990
DIFF(NE_DO_Day11,1) 1.000 .705
DIFF(NW_DO_Day11,1) 1.000 .004
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Descriptive Statistics
Mean Std. Deviation | Analysis N
DIFF(Wind_dir_Day11,1) .0343 1.91602 143
DIFF(C_DO_Day11,1) -.0021 22390 143
DIFF(SW_DO_Day11,1) -.0129 .22835 143
DIFF(Wind_dir_Day11,1) .0343 1.91602 143
DIFF(NE_DO_Day11,1) -.0183 .34915 143

Extraction Method: Principal Component Analysis.

Total Variance Explained

Compo Initial Eigenvalues

nent Total % of Variance | Cumulative %
1 2.027 33.776

2 1.271 21.184

3 1.167 19.449 74.409
4 .939 15.649 90.058
5 .596 9.942 100.000
6 -1.891E-16 -3.152E-15 100.000

Extraction Method: Principal Component Analysis.

Total Variance Explained

Initial
Compo Eigenvalues Extraction Sums of Squared Loadings
nent Cumulative % Total % of Variance [ Cumulative %
1 33.776 2.027 33.776 33.776
2 54.960 1.271 21.184 54.960

Extraction Method: Principal Component Analysis.

Total Variance Explained

Compo Rotation Sums of Squared Loadings

nent Total % of Variance | Cumulative %
1 2.024 33.735 33.735
2 1.274 21.225 54.960

Extraction Method: Principal Component Analysis.
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Descriptive Statistics

Mean Std. Deviation | Analysis N
DIFF(Wind_dir_Day11,1) .0343 1.91602 143
DIFF(C_DO_Day11,1) -.0021 22390 143
DIFF(SW_DO_Day11,1) -.0129 .22835 143
DIFF(Wind_dir_Day11,1) .0343 1.91602 143
DIFF(NE_DO_Day11,1) -.0183 .34915 143

Component Matrix®

DIFF(Wind_dir_Day11,1)
DIFF(C_DO_Dayl11,1)
DIFF(SW_DO_Day11,1)
DIFF(Wind_dir_Day11,1)
DIFF(NE_DO_Day11,1)
DIFF(NW_DO_Day11,1)

Component
1 2
.992 .078
-.206 .657
-.106 -.351
.992 .078
-.067 .837
-.001 -.063

Extraction Method: Principal Component Analysis.

a. 2 components extracted.

Rotated Component Matrix®

DIFF(Wind_dir_Day11,1)
DIFF(C_DO_Day11,1)
DIFF(SW_DO_Day11,1)
DIFF(Wind_dir_Day11,1)
DIFF(NE_DO_Day11,1)
DIFF(NW_DO_Day11,1)

Component
1 2
.995 .021
-.168 .667
-.126 -.344
.995 .021
-.019 .839
-.005 -.063

Extraction Method: Principal Component Analysis.

Rotation Method: Varimax with Kaiser

Normalization.

a. Rotation converged in 3 iterations.
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Descriptive Statistics

Mean Std. Deviation | Analysis N
DIFF(Wind_dir_Day11,1) .0343 1.91602 143
DIFF(C_DO_Day11,1) -.0021 22390 143
DIFF(SW_DO_Day11,1) -.0129 .22835 143
DIFF(Wind_dir_Day11,1) .0343 1.91602 143
DIFF(NE_DO_Day11,1) -.0183 .34915 143

Component Transformation

Matrix
Compo
nent 1 2
1 .998 -.057
2 .057 .998

Extraction Method: Principal
Component Analysis.
Rotation Method: Varimax with

Kaiser Normalization.

Component Plot in Rotated Space
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Output for Chapter 6 Figure 6.29

FACTOR /VARIABLES Wind_s_1 Wind_d_1NE_DO__1NW _DO_1C_DO_D_1
SW_DO__1 /MISSING LISTWISE /ANALYSIS Wind_s_1 Wind_d_1 NE_DO__1
NW_DO__1C_DO_D_1SW _DO__1 /PRINT UNIVARIATE INITIAL EXTRACTION
ROTATION /PLOT ROTATION /CRITERIA FACTORS(2) ITERATE(25) /EXTRACTION
PC /CRITERIA ITERATE(25) /ROTATION VARIMAX /METHOD=CORRELATION.

Factor Analysis

Notes

Input

Missing Value Handling

Output Created

Comments

Data

Active Dataset

Filter

Weight

Split File

N of Rows in Working Data
File

Definition of Missing

Cases Used

30-Mar-2011 22:15:35

C:\Complete\Chapter 6

Bolivar\spss\May05_aligned.sav
DataSet3

<none>

<none>

<none>

144

MISSING=EXCLUDE: User-defined

missing values are treated as missing.

LISTWISE: Statistics are based on
cases with no missing values for any

variable used.
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Syntax FACTOR

/VARIABLES Wind_s_1 Wind_d_1
NE_ DO _1NW DO _1C DO D 1
SW DO 1

/IMISSING LISTWISE

/ANALYSIS Wind_s_1 Wind_d_1
NE_DO_1NW DO_1C DO D 1
SW_DO_ 1

/PRINT UNIVARIATE INITIAL
EXTRACTION ROTATION

/PLOT ROTATION

/CRITERIA FACTORS(2)
ITERATE(25)

/[EXTRACTION PC

/ICRITERIA ITERATE(25)

/ROTATION VARIMAX

/METHOD=CORRELATION.

Resources Processor Time 0:00:00.297
Elapsed Time 0:00:00.282
Maximum Memory Required 5544 (5.414K) bytes

[DataSet3] C:\Complete\Chapter 6 Bolivar\spss\May05_aligned.sav

Descriptive Statistics

Mean Std. Deviation | Analysis N
DIFF(Wind_speed_Day10,1) -.0133 1.26859 143
DIFF(Wind_dir_Day10,1) 3776 53.63174 143
DIFF(NE_DO_Day10,1) -.0116 23952 143
DIFF(NW_DO_Day10,1) -.0043 .28203 143
DIFF(C_DO_Day10,1) .0066 41257 143
DIFF(SW_DO_Day10,1) 0121 .20589 143

Communalities

Initial Extraction
DIFF(Wind_speed_Day10,1) 1.000 .605
DIFF(Wind_dir_Day10,1) 1.000 376
DIFF(NE_DO_Day10,1) 1.000 635
DIFF(NW_DO_Day10,1) 1.000 455
DIFF(C_DO_Day10,1) 1.000 .360]
DIFF(SW_DO_Day10,1) 1.000 .382
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Descriptive Statistics

Mean Std. Deviation | Analysis N
DIFF(Wind_speed_Day10,1) -.0133 1.26859 143
DIFF(Wind_dir_Day10,1) 3776 53.63174 143
DIFF(NE_DO_Day10,1) -.0116 .23952 143
DIFF(NW_DO_Day10,1) -.0043 .28203 143
DIFF(C_DO_Day10,1) .0066 41257 143

Extraction Method: Principal Component Analysis.

Total Variance Explained

Compo Initial Eigenvalues

nent Total % of Variance | Cumulative %
1 1.603 26.709

2 1.210 20.165

3 .992 16.530 63.403
4 .872 14.541 77.944
5 713 11.891 89.835
6 .610 10.165 100.000

Extraction Method: Principal Component Analysis.

Total Variance Explained

Initial
Compo Eigenvalues Extraction Sums of Squared Loadings
nent Cumulative % Total % of Variance | Cumulative %
1 26.709 1.603 26.709 26.709
2 46.874 1.210 20.165 46.874

Extraction Method: Principal Component Analysis.

Total Variance Explained

Compo Rotation Sums of Squared Loadings

nent Total % of Variance | Cumulative %
1 1.580 26.337 26.337
2 1.232 20.536 46.874

Extraction Method: Principal Component Analysis.
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Component Matrix®

Component
1 2
DIFF(Wind_speed_Day10,1) .507 -.590
DIFF(Wind_dir_Day10,1) -112 .603
DIFF(NE_DO_Day10,1) 744 .286
DIFF(NW_DO_Day10,1) 651 176
DIFF(C_DO_Day10,1) 596 .065
DIFF(SW_DO_Day10,1) .001 618
Extraction Method: Principal Component Analysis.
a. 2 components extracted.
Rotated Component Matrix®
Component
1 2
DIFF(Wind_speed_Day10,1) .352 -.694
DIFF(Wind_dir_Day10,1) .035 612
DIFF(NE_DO_Day10,1) 791 .100
DIFF(NW_DO_Day10,1) 674 .015
DIFF(C_DO_Day10,1) 595 -.079
DIFF(SW_DO_Day10,1) 148 .600

Extraction Method: Principal Component Analysis.

Rotation Method: Varimax with Kaiser Normalization.

a. Rotation converged in 3 iterations.

Component Transformation

Matrix
Compo
nent 1 2
1 971 -.238
2 .238 971

Extraction Method: Principal
Component Analysis.
Rotation Method: Varimax with

Kaiser Normalization.
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Component Plot in Rotated Space

0.59

Component 2

-0.59

Wind_s_1
o]

-05 oo

Component 1

Output for Chapter 6 Figure 6.30

FACTOR /VARIABLES C_DO _D_1SW _DO__1NE_DO__1NW_DO__ 1 NE_Tdiff 1

05 10

NW_Tdiff 1 C_Tdiff__1 SW_Tdiff_1 /MISSING LISTWISE /ANALYSIS C DO _D_1

SW_DO__1NE_DO__1NW_DO__ 1 NE_Tdiff_1 NW_Tdiff_1 C_Tdiff _1 SW_Tdiff_1

/PRINT UNIVARIATE INITIAL EXTRACTION ROTATION /PLOT ROTATION /CRITERIA
FACTORS(2) ITERATE(25) /EXTRACTION PC /CRITERIA ITERATE(25) /ROTATION
VARIMAX /METHOD=CORRELATION.

Factor Analysis

Notes

Input

Missing Value Handling

Output Created

Comments

Data

Active Dataset

Filter

Weight

Split File

N of Rows in Working Data
File

Definition of Missing

C:\Complete\Chapter 6

Bolivar\spss\Feb05_aligned.sav
DataSet2

<none>

<none>

<none>

MISSING=EXCLUDE: User-defined

30-Mar-2011 22:17:34

144

missing values are treated as missing.
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Cases Used LISTWISE: Statistics are based on
cases with no missing values for any

variable used.

Syntax FACTOR

IVARIABLES C_DO D 1SW DO_ 1
NE_DO__1NW_DO__1 NE_Tdiff 1
NW_Tdiff_1 C_Tdiff__1 SW_Tdiff_1

/IMISSING LISTWISE

/ANALYSIS C_DO_D_1SW_DO_ 1
NE_DO__1NW _DO__ 1 NE_Tdiff 1
NW_Tdiff_1 C_Tdiff__1 SW_Tdiff_1

/PRINT UNIVARIATE INITIAL
EXTRACTION ROTATION

/PLOT ROTATION

/ICRITERIA FACTORS(2)
ITERATE(25)

/[EXTRACTION PC

/ICRITERIA ITERATE(25)

/ROTATION VARIMAX

/METHOD=CORRELATION.

Resources Processor Time 0:00:00.265
Elapsed Time 0:00:00.265
Maximum Memory Required 9080 (8.867K) bytes

[DataSet2] C:\Complete\Chapter 6 Bolivar\spss\Feb05_aligned.sav

Descriptive Statistics

Mean Std. Deviation | Analysis N
DIFF(C_DO_Dayl11,1) -.0021 .22390 143
DIFF(SW_DO_Day11,1) -.0129 22835 143
DIFF(NE_DO_Day11,1) -.0183 .34915 143
DIFF(NW_DO_Day11,1) -.0146 77271 143
DIFF(NE_T25_75,1) .0000 .09038 143
DIFF(NW_T25_75,1) .0007 .08349 143
DIFF(C_T25_75,1) .0021 .07068 143
DIFF(SW_T25_75,1) .0070 .10254 143
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Communalities

Initial Extraction
DIFF(C_DO_Dayl11,1) 1.000 412
DIFF(SW_DO_Day11,1) 1.000 .309
DIFF(NE_DO_Day11,1) 1.000 .706
DIFF(NW_DO_Day11,1) 1.000 .136
DIFF(NE_T25_75,1) 1.000 124
DIFF(NW_T25_75,1) 1.000 343
DIFF(C_T25_75,1) 1.000 456
DIFF(SW_T25_75,1) 1.000 647

Extraction Method: Principal Component Analysis.

Total Variance Explained

Compo Initial Eigenvalues

nent Total % of Variance | Cumulative %
1 1.842 23.019

2 1.292 16.150

3 1.097 13.717 52.886
4 1.026 12.825 65.712
5 917 11.468 77.179
6 .815 10.185 87.364
7 .600 7.495 94.860
8 411 5.140 100.000

Extraction Method: Principal Component Analysis.

Total Variance Explained

Initial
Compo Eigenvalues Extraction Sums of Squared Loadings
nent Cumulative % Total % of Variance | Cumulative %
1 23.019 1.842 23.019 23.019
2 39.170 1.292 16.150 39.170

Extraction Method: Principal Component Analysis.
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Total Variance Explained

Compo Rotation Sums of Squared Loadings
nent Total % of Variance | Cumulative %
1 1.795 22.437 22.437
2 1.339 16.733 39.170
Extraction Method: Principal Component Analysis.
Component Matrix®
Component
1 2
DIFF(C_DO_Day11,1) 499 403
DIFF(SW_DO_Day11,1) .280 -.480
DIFF(NE_DO_Day11,1) 159 825
DIFF(NW_DO_Day11,1) 220 -.296
DIFF(NE_T25_75,1) 174 307
DIFF(NW_T25_75,1) 585 .018
DIFF(C_T25_75,1) 661 -138
DIFF(SW_T25_75,1) 794 -133
Extraction Method: Principal Component Analysis.
a. 2 components extracted.
Rotated Component Matrix®
Component
1 2
DIFF(C_DO_Day11,1) 361 531
DIFF(SW_DO_Day11,1) 408 377
DIFF(NE_DO_Day11,1) -.088 .836
DIFF(NW_DO_Day11,1) 297 -.219
DIFF(NE_T25_75,1) 077 344
DIFF(NW_T25_75,1) 555 .188
DIFF(C_T25_75,1) 673 .061
DIFF(SW_T25_75,1) 798 .104

Extraction Method: Principal Component Analysis.

Rotation Method: Varimax with Kaiser

Normalization.

a. Rotation converged in 3 iterations.
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Component Transformation

Matrix
Compo
nent 1 2
1 .957 291
2 -.291 .957

Extraction Method: Principal
Component Analysis.
Rotation Method: Varimax with

Kaiser Normalization.

Component Plot in Rotated Space
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Output for Chapter 6 Figure 6.31

FACTOR /VARIABLES NE_DO__1NW _DO__1C_DO_D_1SW_DO__1NE_Tdiff 1
NW_Tdiff_ 1 C_Tdiff_1 SW_Tdiff_1 /MISSING LISTWISE /ANALYSIS NE_DO__ 1
NW_DO__1C_DO_D_1SW_DO_ 1 NE_Tdiff_1 NW_Tdiff 1 C_Tdiff _1 SW_Tdiff_1
/PRINT UNIVARIATE INITIAL EXTRACTION ROTATION /PLOT ROTATION /CRITERIA
FACTORS(2) ITERATE(25) /EXTRACTION PC /CRITERIA ITERATE(25) /ROTATION
VARIMAX /METHOD=CORRELATION.

Factor Analysis

Notes

Input

Missing Value Handling

Output Created

Comments

Data

Active Dataset

Filter

Weight

Split File

N of Rows in Working Data
File

Definition of Missing

Cases Used

30-Mar-2011 22:19:13

C:\Complete\Chapter 6

Bolivar\spss\May05_aligned.sav
DataSet3

<none>

<none>

<none>

144

MISSING=EXCLUDE: User-defined

missing values are treated as missing.

LISTWISE: Statistics are based on

cases with no missing values for any

variable used.
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Syntax FACTOR

IVARIABLES NE_DO_1NW_DO_ 1
C_DO_D_1SW_DO__ 1 NE_Tdiff 1
NW_Tdiff_1 C_Tdiff__1 SW_Tdiff_1

/IMISSING LISTWISE

/ANALYSIS NE_DO_1NW_DO__ 1
C_DO_D_1SW_DO__ 1 NE_Tdiff 1
NW_Tdiff_1 C_Tdiff__1 SW_Tdiff_1

/PRINT UNIVARIATE INITIAL
EXTRACTION ROTATION

/PLOT ROTATION

/CRITERIA FACTORS(2)
ITERATE(25)

/[EXTRACTION PC

/ICRITERIA ITERATE(25)

/ROTATION VARIMAX

/METHOD=CORRELATION.

Resources Processor Time 0:00:00.250
Elapsed Time 0:00:00.250
Maximum Memory Required 9080 (8.867K) bytes

[DataSet3] C:\Complete\Chapter 6 Bolivar\spss\May05_aligned.sav

Descriptive Statistics

Mean Std. Deviation | Analysis N
DIFF(NE_DO_Day10,1) -.0116 23952 143
DIFF(NW_DO_Day10,1) -.0043 .28203 143
DIFF(C_DO_Day10,1) .0066 41257 143
DIFF(SW_DO_Day10,1) 0121 .20589 143
DIFF(NE_T25_75,1) .0000 .06608 143
DIFF(NW_T25_75,1) .0014 .07410 143
DIFF(C_T25_75,1) .0007 .07645 143
DIFF(SW_T25_75,1) .0014 .10614 143
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Communalities

Initial Extraction
DIFF(NE_DO_Day10,1) 1.000 482
DIFF(NW_DO_Day10,1) 1.000 430
DIFF(C_DO_Day10,1) 1.000 .398
DIFF(SW_DO_Day10,1) 1.000 273
DIFF(NE_T25_75,1) 1.000 357
DIFF(NW_T25_75,1) 1.000 667
DIFF(C_T25_75,1) 1.000 641
DIFF(SW_T25_75,1) 1.000 696

Extraction Method: Principal Component Analysis.

Total Variance Explained

Compo Initial Eigenvalues

nent Total % of Variance | Cumulative %
1 2.615 32.692

2 1.327 16.594

3 1.024 12.796 62.082
4 .885 11.061 73.143
5 .720 8.995 82.138
6 .606 7.570 89.708
7 444 5.555 95.263
8 .379 4.737 100.000

Extraction Method: Principal Component Analysis.

Total Variance Explained
Initial
Compo Eigenvalues Extraction Sums of Squared Loadings
nent Cumulative % Total % of Variance | Cumulative %
1 32.692 2.615 32.692 32.692
2 49.285 1.327 16.594 49.285

Extraction Method: Principal Component Analysis.

Total Variance Explained

Compo Rotation Sums of Squared Loadings

nent Total % of Variance | Cumulative %
1 2.340 29.247 29.247
2 1.603 20.038 49.285
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Communalities

Initial Extraction
DIFF(NE_DO_Day10,1) 1.000 482
DIFF(NW_DO_Day10,1) 1.000 430
DIFF(C_DO_Day10,1) 1.000 .398
DIFF(SW_DO_Day10,1) 1.000 273
DIFF(NE_T25_75,1) 1.000 357
DIFF(NW_T25_75,1) 1.000 667
DIFF(C_T25_75,1) 1.000 641
DIFF(SW_T25_75,1) 1.000 696

Extraction Method: Principal Component Analysis.

Component Matrix®

Component
1 2
DIFF(NE_DO_Day10,1) 531 -.448
DIFF(NW_DO_Day10,1) 414 -.508
DIFF(C_DO_Day10,1) .380 -503
DIFF(SW_DO_Day10,1) 430 .298
DIFF(NE_T25_75,1) -.063 594
DIFF(NW_T25_75,1) 789 210
DIFF(C_T25_75,1) 780 181
DIFF(SW_T25_75,1) 773 313

Extraction Method: Principal Component Analysis.

a. 2 components extracted.

Rotated Component Matrix®

Component
1 2
DIFF(NE_DO_Day10,1) 264 642
DIFF(NW_DO_Day10,1) 132 642
DIFF(C_DO_Day10,1) .104 622
DIFF(SW_DO_Day10,1) 519 -.065
DIFF(NE_T25_75,1) 219 -.556
DIFF(NW_T25_75,1) 797 178
DIFF(C_T25_75,1) 775 201
DIFF(SW_T25_75,1) 831 .080
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Communalities

Initial Extraction
DIFF(NE_DO_Day10,1) 1.000 482
DIFF(NW_DO_Day10,1) 1.000 430
DIFF(C_DO_Day10,1) 1.000 .398
DIFF(SW_DO_Day10,1) 1.000 273
DIFF(NE_T25_75,1) 1.000 357
DIFF(NW_T25_75,1) 1.000 667
DIFF(C_T25_75,1) 1.000 641
DIFF(SW_T25_75,1) 1.000 696

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser

Normalization.
a. Rotation converged in 3 iterations.

Component Transformation

Matrix
Compo
nent 1 2
1 .887 463
2 463 -.887

Extraction Method: Principal
Component Analysis.
Rotation Method: Varimax with

Kaiser Normalization.
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Component Plot in Rotated Space
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End Appendix C
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