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Abstract

The design of reactor systems to cultivate filamentous green algae for remediation of
nutrients from wastewater and for biomass production has long been pursued for various
wastewater applications. The role of early colonization characteristics of algabsirata in
system performance has been poorly understood, however. In particular, the role of the overall
background microbial community in contributing to attachment of filamentous green algae is not
well known. Past research suggest that in mo@anmunity stream biofilms, bacteria, diatoms,
and other microbes play an integral role in conditioning new surfaces through the exudation of
extracellular polymeric substances (EPS), which forms an aggregate onto which algae cells settle
and attach. This objé&ge of this research was to investigate the role of segpiging bacteria
biofilm in the colonization of polymer substrata in bessclale floway systems by filamentous
green algae (FGA). Specifically, it probes if the presence of microbial biofiimsigeddy
communities sourced from FGiavoring natural habitats results in faster and stronger
attachment by the FGRhizoclonium sppunder variedlow, nutrient concentrations, bacteria
community sources, and media types.

For the studies described, novel-ladnch scale systems were constructed and tested for
operation and parameter setting. The effect of three bacteria biofilms, formed by communities
sourced from the Tallapoosa River (Tallasee, Alabama, USA) and Town @ugakn,

Alabama, USA) and from the two mixed together, was tested dgfegentstrengths of the
synthetic media (freshwatenodified) Proline F/2 (1/4 and 2x) and dilutions of tilapia
aguaculture wastewater (1/4, ¥2, and-aitength) with differentibway channel slopes (1%, 2%,

and 3%).The impact of bacteria biofilms on attachment was assessed as speed and strength of



attachment, measured as amount of biomass and chloregwgl time, with the division of
samples into two subsets for strength of attachment analysis.

It was found that the presence of the Tallapoosa River bacteria biofilm resulted in
significantly faster attachment Bhizoclonium spgeells in the % dilution of F/2 and with a
channel slope of 3.00 + 0.100%. The presendhexhixed bacteria biofilm also had a
significant impact on attachment when parameters ofddudtion of unfiltered tilapia effluent
and a channel slope of 2.00 £ 0.100% were used, as indicated torhagmeasures. While
statistical significance was not detected for other toad@tions, based on effect sizasdwide
confidence intervalgnd the fact thahegraphicaltrend remainedonsistent andisible, it can
be argued there is a nefed greater power itheexperimental design. There is reason to believe
that given sufficient replication, biofilms formed by the tested microbial communities would
demonstrate a statistically significant impact on speed of attachment under these other
constraints.

From all results, it can be concluded that a microbial biofilm pioneer community can
have impact on early colonization rates of FGA on virgin substrata. Also, it can be concluded

that a lower nutrient concentration of the media results in a positive impapeed of FGA

attachment but altering the channel slope by 1% increments did not result in a noticeable effect.

The research indicates that there i s cause

initial FGA colonization of ATS systems
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Chapter 1: Introduction

The world teeters precariously on the edge of a precipice, hemmed in by the snowballing threats
of a rapidly expanding populatiomtensifying climate changand the issues thatemfrom

them. Among the dangetise spread of human influence has given birtareothe shrinking
availability ofalreadyscarce resources (arable land, clean water, fossd rtektera) and the
accumulation of harmful wastesl|aageportion of which are arduous if not impossible to
eliminatecompletely from the environment. Thus, humanity facestiadlengs of sustaining

itself andresponsibly managing itsyproducts at a level it and the worldntabitsare not

currently prepared to handle and may lose #pacity to handle if measures are not enacted

Water quality is a concern as increased anthropogenic activity on land leads to greater
contamination of natural waterbodies (negativeipactingthem aesthetically, recreationally,
environmentally, and economically) especially through diffuse waste loading, which continues to
be a problendespiteexisting management techniques which may not be fully effective or widely
applied(Sutherland & Craggs, 201 Qurrent agricultural methods are insufficient to keep up

with the growing demand in a sustainable manner and produce considerable amounts of waste
that if released untreated into the environment have the potential to have a negative impact on
receiving wagrs and their ecosystems as well as posing a threat to human health. With the
current state of the world, it is favorable to develop sustainable, efficient, areffeasive

methods of food production and waste treatment. Aquaponics is a fieldaflage that

combines hydroponics and aquaculture, allowing the reuse of fish waste as a water and nutrient
source for crop production. While the waste is put to gooditusté] requires further polishing

after passing through the crop production stage, in both decoupled and coupled systems.
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The algal turf scrubber is a novel technology invented by Walter Adey in the 1980s that
uses the natural processes of an artificial stream ecosystem popuiliataay by attached
filamentousgreenalgae(but also diatoms, cyanobacteria, and bactariahannels of flowing
water to capture and remove pollutants from contaminated waigey & Bannon, 2008) By
harnessing energy from the sun, this technology can treat natural waters and wastewater while
also recycling otherwise detrimental constituents in the form of algal biomass that, once
harvested, can be used in the production of valuable feedstcakifioal feed, energy, fertilizer,
and other vital products. The algae, besides uptaking nutrients like nitrogen and phosphorus from
the water to fueits growth, also remowecarbon dioxide from the atmosphere, replacing it with
oxygenproducedduring phobsynthesis. In this way, ATS systems have the potential to
contribute to the creation of a circular economy in an environmentally friendly manner
specificallyincorporation as tertiary treatment in aquaponics processes

However, while there have been multiple successful studies performed demonstrating
ATS capabilities at pilot scal@V. Adey & Bannon, 2008; W. H. Adey et al., 2013; Kebede
Westhead et al., 200@8nhd some at smaller scdldariz et al., 2022; Salvi et al., 2021)rther
study is required for continued improvement and understanding of the system. One area that has
not been extensively researched is the rotb@bacteria biofilmn the initial attachment and
colonization phase of the algal turf life cycle. Prior experiments provide evidence indicating that
bacteria have the capacity to take on a beneficial role in-blgeteria interaction@odoki,

2005; Kouzuma & Watanabe, 2015a; B. Zhang et al., 2083&ting literature on biofilms also
suggests thatertainbacteria play a vital role in the developmenbuffilms that periphytic
algae cells flock to and integrate with and condition surfaces in a manner that aids attachment

(Beleneva et al., 2017; Joint et al., 2007; Li et al., 2019a; Schnurr & Allen, 2015; Singh et al.,
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2013) It therefore follows that the addition abacteriabiofilm to ATS systemgrior to the

introduction of algaenay promote faster or stronger algal attachment.

Sectionl.1l: Rationale and significance

The attachment of filamentous algae to substrata in channels is one of the primary advantages of
ATS systems. Thprohibitive harvesting costs associated with other algased wastewater

treatment technologies, such as higte algae ponds and photobioreac{dtsmed et al., 2022)

are not present with ATS systems, whose biomass can be removed through scraping or
vacuuming. From the base of algae left behind, healthy periphytic communities can regrow
without reseeding. The establishment and development of a thriving algal tgrfitakeand

harvesting should not be performed until this phase is complete so the mat retains its recovery
ability. Faster attachment can speed up this initial period. Stronger attachment allows the algae to
resist shear forces from the flowing water ataly attached even in lesanideal conditions
(Harizetal.,2022) It al so results i n mor ehaivastowhitchs 0 r e ma
may allow the turf to regrow faster. It is then important to research factors affecting attachment

to better understand it and to potentially employ natural interactions to improve existing
operations and setups.

Sectionl.2: Purpose of Research

The primary intent of this research is to gain insight into the overall role of the bacterial biofilm

in the initial attachment and colonization stages of filamentous green algaebemieib scale

algal turf scrubber systemis. doing so, the research aims to add to the bases of knowledge
regarding ATS systems, FGA colonization, and bacigae interactiongontributing tothe

foundation on which future researchers may potentaliid improvements t&TS design and

operation.The elucidation of theetationship between bacteria and algae attachment as relates to
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treatment of aquaculture waste may also help form a base for apphicatied study of bacteria
biofilms in conjunction with algal turf& aquaponics operatiomrs the future.
Sectionl.3: Objectives of Research

The overarching goal of this research is to determine the effect a bacterial biofilm
community has on the initial attachment and colonization of filamentous green algae in algal turf
scrubber systemin these studies, this quantified as the impact the presence the existing
bacteria biofilm has on the speed and strength of attachment.

Previous studies involving similar experiments have demonstrated a correlation between
bacterial presence and algal attachn{&atwne et al., 1998; Hodoki, 2005; Holmes, 19&®&)
bacteria are known to play a significant role in early biofilm development as initial pioneers,
surface conditioners, and producers of extracellular polymeric subst@massll et al., 2015;
Palmer et al., 2007; Schnurr & Allen, 201%e overall hypothesis, then, was that the presence
of abacteriabiofilm would increase thepeed or strength of algal attachment. To test this
hypothesis, the following objectives were formed:

1. Determine if biofilms formed from bacteria communities sourced from different
filamentous alga¢avoring waters stimulate attachment.

2. Determine if the results of objective one change if environmental parameters vary (flow
regime altered through slope and nutrient concentration).

3. Determine if biofilms formed from bacteria communities sourced from filamentous
algaefavoring waters stimulate attachment when the algae is grown in aquaculture
wastewater.

Sectionl.4 The potential of algae
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Graham et al . (2016 thatbreatileencompassa diverdegae 0 as
grouping of eukaryotic photosynthetic organisms that range from unicellular to multicellular,
reside in agquatic habitats, and possess the ability to perform oxygenic photosynthesis. The group
shares traits with plants bistnot itselfclassified as such due to lacking certain characteristics,
including a vascular system. A number of species from multiple kingdoms and evolutionary lines
fall under this vast umbrella. Whilégae are often viewed in the light of nuisance algae blooms
(Vadeboncoeur et al., 202Particularly in lakes, in recent times researchers have begun to
focus on their potential as feedstock for bioprodsatsh as oil and fertilizeand their possible
biotechnological applications. Algae may be broadly classed as macroscopic (usually seaweed
falls into this group) or microscopic.

Microalgae possess an astounding array of valued molemdesjinglipids,
carbohydrates, complete proteins, and secondary metabolites (many difficult or impossible to
synthesize through chemical methods), and are capable of producing others, namely pigments
like carotenoids that are useful for bioproduction and biotaolgical applications; they also
excrete substances that enable them to act as biostimulants and antimiafiéraig, potential
tools to fightpathogengSutherland et al., 2021As a result, they constitute a valuable
prospective resource with biophysical and chemical properties that can be exploited in many
sectors, including pharmaceuticals, cosmetics, biofuels, agriculture, and wastewater treatment.
Sutherland et al. (202h)i g h | i g hpossibleadlegiat@edsslutions to global issugshas
the potential to help meet certain UN Sustainable Development Goals, including SDG 2 Zero
Hunger, SDG 6 Clean Water and Sanitation, SDG 7 Affordable and Clean Energy, SDG 12
Respmsible Consumption and Production, SDG 14 Life Below Water, and SDG 15 Life on

Land.
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The recognition of algaeds varied advantag

as far back as the reign of the ancient Mayan civilization, different species of algae have served
as a food source. Large scale microalgae cultivation, known asutilga, has been around for
decadegTrentacoste et al., 2013)ut in recent times has seen an uptick in interest from many
sectors, particularly energy, as the functionality of algae for many purposes became more well
known. Faster growth, less stringent cultivation requirements (less space requirement, the ability
to use wastewater instead of freshwater for growth), and its incredible composition, has made
integrating microalgae cultivation with current agricultural and aquacultural processes to
promote sustainable practices and produce additional products tatlfs®sts of the addition
an object of extensive studies. Algaculture straddles the agriculture and aquaculture worlds,
though some consider it a new branch of agriculture in ifgédthann & Grimm, 2021)
Currently, the majority of algal biomass production originates from the food and nutraceutical
industries, but cultivation is not on the same scale as other foodstuffs due to bottlenecks making
operations costlyVieira et al., 2022)

Using algae for biofuel production, then, would not take away from global food
availability on the same level as crbpsed energy production, eliminatitg tmoral argument
often leveled against corn and otlpéantstock fuels Furthermore, microalgae are more aihd
lipid-rich than crops used in biofuel manufacturing, rendering the conversion obalgae
efficient and coseffective method of energy production. For this reason, there has been and
continues to be a great deal of focus on biofuel production from micro#gaei et al., 2021)
as well as other uses.

Despite the great potential of microalgae, commercialization and industrial scale

applications face many challenges. Expense, mainly associated with harvesting, is a major
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bottleneck. Currently, without optimizing growth and/or reducing costs, planktonic microalgae
cultivation is not economically feasible on a large, industrial {&lew et al., 2015)The use

of filamentous green algae for coupled wastewater treatment and cultivation poses a possible
solution to a portion of this problem due to the availability of less {attensive harvesting

methods. Wastewater generally carries free nutrientsndtance, agricultural wastewater often

has nitrogen and phosphorus from fertilizer use) that the filamentous green algae need to grow,
which they are able to remove while also producing biomass for other purposes.

The concept of using microalgae to treat wastewater was conceived in the twentieth
century and was built upon as researchers recognized its potential for recovering nutrients as
feedstock for products while cleansing water for ré@seldock, 2019Researchers have also
invested timeand energy into developing alghased waste treatment technology, including
high rate algal ponds, photobioreact@sdracewayqSutherland & Craggs, 2017; Trentacoste
et al., 2015)While much of the existing research and literature focuses on the cultivation and
uses of planktonic microalgae due to their high lipid contents rendering them an appealing
prospect for the production of biodiesel, there is less information about theatippl and
cultivation of filamentous green algé€arimi et al., 2021)However, filamentous green benthic
algae that attach to substrata have been shown to be effective in the removal of excess nutrients
and pollutants from wastewater in many technologies, suatyakturf scrubberATS) systems.

Sectionl.5 Algal turf scrubbers
As previously mentionedd TS systems are a natural wastewater treatment technology

invented by Walter Adey as a water quality measure and consist of a slightly inclined flow way
wherein a turf or mat of filamentous green algae grows in a mini ecosy§teradey et al.,

1993; W. Adey & Bannon, 2008; Craggs et al., 1996)
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The shallowness and movement of the flowing water removes the need for aeration by
promoting carbon dioxide and oxygen exchange across thater interface, while also
bringing nutrients to the algal filaments and shifting them enough to help retaecb$tine sek
shading seen in larger mats in the widdntaminant removal is not limited to nitrogen and
phosphorus, as the algae is also capable of removing metals and other p§\Mit#dsy &
Bannon, 2008)

ATS systems have advantages over other treatment systems, including wetlands.
Sutherland & Craggs (2017) state that periphyton nutrient removal systems, the wastewater
treatment technology group to which ATSs belong, have half the land requirement but
comparablenitrogen removal capacity to wetlands. The associated capital costs and
establishment time are also lowbut it still takes weeks for the algal turf to establish itself. The
presence of a bacteria biofilm formed by a community from natural watgrselp the algae
attach faster anchore strongly to the substratasystems used for treating agricultural waste.

Sectionl.6: The colonization of surfaces by algae
Schnurr and Allen (2015) posithat biofilm development cebe described in four stages,

including an initial state where bacteria begin to colonize a substratum and exude extracellular
polymeric substances to form a mattixlater stages algae arrive and join this bacterial
community, benefiting fromthepeest abl i shed bacteri al bi ofi |l m.
(2015) colonization and development theory ends with the mature big@rmmi et al.(2021)

proposes that filamentous algae growth does not end at the biofilm stage, but develops beyond it
to form a threadimensional canopy structure that behaves intrinsically differently from the

biofilm. Figure 1 below shows throposedstages of developmenithis research primarily

focuses on the first stage and potential linkages to the later canopy stage.
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Figure 1. Algal turf development from biofilm, adapted from Schnurr & Allen §2&1gure 1

(FGA: filamentous green algae)

Evidence strongly suppor&c hnur r & Al | en 6 s begi@nind shapesohio d e |
periphyton community development and succession, driven by batesies accomplished
through their secretion of EPS, conditioning of surfaces for attachment, change of EPS matrix
conditions, and feedback interactions between bacteria and(Bligeell et al., 2015; Mieszkin
et al., 2013)However,(Roeselers et al., 200#)und that the initial colonizer in phototrophic
biofilms depends on light intensity, with algae taking on the role of pioneering organism at
higher light intensities while bacteria did so at lower light intensitibs supports Mieszkin et
al .o6s (2013) warning that though the research
microorganisms in many situations, there are cases where it does not always fit into the role in
the same wayln cases wherbacteriaare the pioneers, the EPS acts as a kind ofsagh#hat
helps the algae cells stick. Upon settlement, algal fiedtsexude a mucilaginous sheath of their
own that eventually hardes attachment becomes irreversible. Certain species of FGAaform
basal attachmerstructurefrom the hardened shegtfletcher & Callow, 1992; Tarakhovskaya,

2014) The initial secretion is an overproduction of cell wall products, including glycoproteins,
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polysaccharides, and other components connected by covalent crosslinks; these molecules can
form bonds with the proteins and polysaccharides in EPS, helping them attach to surfaces.
Sectionl.7: Extracellular polymeric substances

EPSishest ruct ur al dbthesbfiimatmatalgdeglentually join and that
serves to perform multiple functionsattbenefitthem so it is imperative to have a basic
understanding of what it is. This section offers a very brief overview of EPS.

The secretion of EPS is one of the first steps in biofilm formation after a theoretical
conditioning film of molecules and initial attachment of the bacteria to the substRahmer et
al., 2007) It holds the various organisms and molecules together within the biofilm and is
responsible for cohesion and aggregatieiaSconsists of multiple kinds of molecules, including
polysaccharides, proteins, lipids, and extracellular INAC. Flemming, 2016; H. C.
Flemming et al., 2007)

The EPS matrix is not rigid and unchanging. Instead, it adapts to circumstances, such as
altered hydraulic regimes and nutrient availabilily C. Flemming, 2016)t also offers
protection against stressors like grazers, nutrient scarcity, and even antimicrobials. By holding
water, conserving and assimilating nutrients, and acting as a digestive systegh
extracellular enzymes produced by bactdrabiofilm allows microbes to survive otherwise
harsh conditiongFlemming, 2016, Costa et al., 2018)hile it is generally found thatacteria
are largelyresponsible for conditioningubstrata with EPS, microalgae, including green algae
like Chlorella vulgaris diatoms likeAmphora sp.and red algae likBhodella sp.can also
produce EPS. Microalggaoduced EPS has been shown by studies to have great potential for
the production of materials for medical, pharmaceutical, cosmetic, wastewater and other

applicationgXiao & Zheng, 2016)Algae can also serve as substrata for the colonization of
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bacteria(Besemer et al., 2007; Pohlon et al., 20d®algal biomass can also promote bacterial
density.
Sectionl.8 Interactions between bacteria and algaegeneral

Al gae and bacteria are often thought of as
growth. They may control each other through the release of allelochemicals and even antibiotics
(Gubelit & Grossart, 2020)n certain situations, they alsompetefor available resources.

However, both also have the potential to provide benefits to society, individually and in
cooperation with each other. Bacteria have been found to be able to boost algae growth, promote
beneficial actions, cooperate with algag@toduceadvantageousesults, and aid in colonization

and attachmer{Hodoki, 2005; B. Zhang et al., 2020b)

Bacteria and algae have been shown to interact with each other in varying ways, both
beneficial and limiting. Research has shown that bacteria secrete substances that promote algal
growth or attachment while algae offer bacteria shelter. On the oppogitd #re spectrum,
species of each have been found to release chemicals/signals that result in the lysing of the other
organism, and it has even been discoveredhieatvayspecific species of bacteria and algae
interact can vary depending on cultivatmmditions and can shift from mutualistic to hostile
within the same environment based on changes in the surrounding con@tidhsng et al.,
2020b) Genomic evidence suggests that certain species of bacteria and adyab/ed with
each other andvithin periphytic communities, bacteria play a critioale, and their absence can
lead to slower growth. There is a theory thaegolved bacteria and algae may have lost certain
functions, meaning they must rely on each otbgyerform then{Gubelit & Grossart, 2020)

Kouzuma & Watanabg015b)state that bacteralgae interactions fall under three basic

conceptsgene transfefbacteria and algae exchange geneglrient exchang@ cycle of
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bacteria metabolism transforming nutrients into forms algae can uptake and algae producing
organic matter)and signal transductiguvhere bacteria and algae communicate through the
release of chemicaldpacteriaand algae also coexist in algal biofilms, with research showing
that the role of bacterial biofilms in influencing algal attachment and colonization is significant
at least in earlier stages, and that bacteria have the potential to promote algal gidvatbsan
algal productivity and nutrient remaal in wastewater removal systeriifere is also evidence
that bacterisalgae consortia in general perform better when treating wastewater thaomllgae
assemblage®Qian et al. (2023found that a bacterimicroalgae consortia removed nutrieatsa
greater ratérom soy sauce wastewatéran communities comprised solely of bacteria or solely
of algae and the presence of proteindgRSresulted in more algae attachment/greater biofilm
development. While testing the efficacy of an indigenous microddgateria community
sourced from food processing efflueAtnadu et al. (2023pund that the consortia performed
better when polishing the effluent than when treating a synthetic rmeditheorized thatlue to
acclimation to the wastewater may perform better than an algaely assemblagé.iu et al.
(2017)attributed the greater effectiveness of attached dlgateria consortia to the ability to
remove nutrients through multiple pathways and to utilize cooperative relatiorBhipwsrking
together, bacteria and algae can perform at a higher capacity thanTéiereso applies when it
comes to attachment.
Sectionl.9 Bacteria and algae attachment

The literature indicates that in many cases there is a correlation between the presence of
bacteria biofilms and algae attachment; this correlation can be pasitiegativeand is
speciesspecificbecause bacteragae interactions are highly dependent on which bacteria and

which algae are involve(Chan et al., 2022; Eigemann et al., 2013; Gawne et al., 1998; Gubelit
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& Grossart, 2020)Examples of negative correlations includiguimarina salinaria(Chen et al.,
2012) which is algicidal, ané@seudoalteromonas tunicatggan et al., 2001which is also
algicidal, causing cell lysis of certain taxa of green and red algae.

Holmes(1986)demonstrated that the presence of a primary bacteria biofilm enhanced the
attachment of algae that colonize and foul vildddoki (2005)also showed that the presence of
a bacteria biofilm prior to exposure to algae promotes the immigration and attachment of algae to
substratan a streardike environmentHis experimenprovided evidence fa positive
relationship between bacterial cell density and algae attachRmedelers et al. (2007) also
found that polycarbonate substrétiat had been preconditioned by heterotrophic baciana
faster algae growth.

Irving & Allen (2011)when studyingattachment oScenedesmus obliquasdChlorella
vulgarison different substrata with sterile andn-sterileartificial mediaand effluenfound that
the interactions between other microbes &ndbliquusaandC. vulgarisis very speciespecific,
but that for some species like vulgaris the overall microbial community, including bacteria, is
important for attachment and the development of an algae bidfiltheir study, wheithe
nutrient source was nesterile wastewatef;. vulgarisswitched from 23.7% attachment (in
sterile media) to 79.8% attachment. It also grew an approximately 7 times thicker biofilm in non
sterilized media versiserilized. This behavior was not observed V@ttobliquuswhich
developed biofilms of comparable thicknesses regardless of sterility or lack thereof. The authors
attributethis phenomenoto the potential ability to produce EPS or other attachment promoting
physical characteristof the latter and the lack thereof of the former. The inability of either

species to become dominant in biofilms formed under sterile conditions, however, also seems to
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support the importance of the overall microbial community and bacteria in algae attachment and
colonization.

Tong & Derek (2021jound attachment of three diatom species to polyvinylidene
fluoride membrane to be strongly affected by EPS presence and composition due to molecules
within the biofilm making adhesion easi&ingh et al. (2013)otedthatUlva fasciataspores
settled on EP8oated cover slips in greater quantities tbamon-coatedones,and this
settlement increased with incubation time, which can be speculated to be due to an increase in
bacteria density over timellva lactucaandUndaria pinnatifidaalso interact differently with
different strains of bacteria, with some strains inhibiting attachment but promoting germination
of their spores, some inhibiting attachmentbfa but promoting attachment &indariaand
vice vers; these effects seemed to be the effect of metabolites released by the bacteria (Belenova
et al., 2017).

Positiveeffect of bacteria on algae attachment may arise from more than one factor. In
some caseshé bacterial biofilms adsorb algae and other materials in suspension in flowing
waters. Essentially, they remove them from the stream and help them attach. Therefore, the
presence of a bacteria biofilm promotes the colonization of rocks and other suiystrata
filamentous algae floating through streams and flow ways that have yet to set down roots.

One experiment found that bacterial biofilms, by virtue of their metabolism and ability to
provide nutrients, can promote the settlement of algae on corallreefsal. (2019b)t the end
of this study concluded that specific kinds of bacteria can be introduced to artificial reef systems
to encourage settlement by algAeisler & Neushal (1989) found that certain kelps were aware
of the presence of specific inorganic and organic nutrients and could respgridégresence

of bacteria with metabolisms capable of transforming select nutrients could attract lizemg
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et al. (2019hlso found that the preference of the macropRgiamogeton maackiangan be
correlated with the growth of epiphytic green filamentous algae, potentially at least partially due
to the presence of certain bacterial taxa on the plant which might be needed for the growth and
reproduction of the filamentous green algdeint et al., 2000, 2002, 200found that regardless
of whetherthe biofilms studiedvere axenic or not, in their studies thexésteda common trend
of biofilm bacteria density correlating positively to algae zoospore attachment, and this was
likely due to the spores intercepting-Alcylhomoserine Lactone (AHL) signals used in bacteria
guorum sensingesulting inchemotaxs.

Overall, it can be concluded thattial bacteria biofilm development is very important to
initial algae colonizationThere is reason to believe that given the right bacteria community, the
presence of a prexisting bacteria biofilm can promote faster or stronger attachment through

adhesive bonds, nutrient interactions, chemical signaling, or other means.
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Chapter 2: Methods

Section2.1. Development of a lalbench scale ATS
The nature of the research required ATS systems atlzelath scale to maximize control. There
were not openly available plans of fabnch scale ATS systems suitable for the designed
experiments at the time procedure and system development for thidbegatySalvi et al.
(2021)had designed a seeded-ladnch scale system for their research, buathengemendid
not fit the necessary criteria for the research described here, which required the development of
systems small enough to fit multiple on a metal raclefficient space utilization and
replication. There was also a need for a Buoillvay to semisolate the environment within each
channel to minimize contamination between systems, and the ones created by Salvi et al. (2021)
were open.

Besides semisolation anccompactsize, other constraints taken into consideration were
materials affordability and accessibility and easy disassembly for sterilization. Two generations
of prototypes were built, with the finalized
bns 3/ 80 hosing and fittings, LED strip |lights
parts, all materials can leasilyobtained from an kperson or online store.

The assembly of the second and final generatitar testing of the first
(conceptualization and construction performed by Research Engineer Bobby BrAdtouich
University) did require grecisioncutting tool that requires training to usedis not generally
accessible. The main portion of the final systamsists of a channel formed from half an
approxi mately 230 | ength of PVC pipe glued to
insertion of the inlet hose at different angles at the baclaedd 96degree elbow at the front

endto which a drain pipe can be attach@&tle open portion of the chanrfabt covered by the
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endcapandelbow)s appr oxi mat eAdetachable li¢onstiusied froenithg t h
other half of PVC pip@approximately the same length as the open pofiti®verit andhelps

reduce system to system splash contaminafimure 2 shows a conceptualization of the final

design.
Lid
Flow adjustment valve LED strip light
Flow inlet '
v
Media
| Substratum | —
Algae l I Channel V .
v Reservoir

S
V/\////“— J ¥ /

Pump

Figure 2: System desigfor a flowayexperimental system.

A strand of white LED strip lights is glued to each lid diglat source for the algae.
Light intensity measurements were taken withApogee Instruments Model M2D0quantum
meter;after measurements were taken, tape was placed over bulbs in certairehdsre the
light intensity over the lid were within similar ranges for all the &dd measurements were
retaken

Figure3 shows the light intensity from end to end of each lid measured in micromoles of
photons per meter square per second. Lid 3 burnt out and was replaced wittaidf I0ial
10, the trial testing the impact of the mixed bacteria community biofilm in fish waste diluted to
half-strength Certain bulbs on the LED strips for some lids also burnt out over the course of the

trials. Figure4 shows the final light intensity over the length of the lids as of the final four trials.
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Each set of three lids/light strips were connected to a-thegesplitter going to a 12 velt amp

adapter during the trial, and this same setup was used during the light measurements.

50

S

o 1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19
length from end of lid (inches)

light intensity (micromoles photons/m~2
)

—_—lid 1 —lid 5 —|id 4 lid7 —id 2
—id 8 —_—lid 3 —id 6 —id 9
Figure3: Li ght intensity across each | idbés LED st

per second when triakstarted.
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Figure4: Lighti nt ensity across each | idés LED strip i

per second when trials ended

The average standard deviation between lids at the beginning and end respectively were
7.95 and 9.13 micromoles photons per meter squared per Jetbdaided by calculating the
standard deviation between lids at each measured location then averaging the standard deviations
in Microsoft Excel) The average standard deviation along the length of the lids (found by taking
the average photon flux across all lids at each location then finding the standard deviation among
these averages) went from 9.96 to 2.4@ramoles photons per meter squared per second from
the beginning of the main experiments to the end. The average coefficient of variance (average
standard deviation along length of lids/average of the mean measurement across all the lids at
each locationjvent from0.380 to 0.209. The mean difference of the mean of the average values

at each measurement location was 14.6 micromoles photons per meter squared per second.
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There was a large drop in the light intensity of the lids from the beginning of the trials to

the end. This means light conditions were not the same across all trials; however, each trial is

considered an isolated trial except for Trial8,on which a rmi metaanalysis was performed.

However, it is unlikely that the light conditions changed significantly within the time span

covered by the first three trials. Though there was some difference among lids, the average

coefficient of variance remained mediamd below both at the beginning and end of the trials.

The plastic storage binsed as media reservow®re Sterilite clear plastic storage boxes from

Walmart anchada capacity of 5.7 liters

A full picturewith individual components labeledn be found il\ppendix A

Section2.2. Procedures common to all main trials

The procedures listed below were used across aillost of thehe main experiment triglend

some of them were also used in preliminary testing of the lab bench scale spstgms.

exceptions are described in the description of conditions for each individual trial. A summary of

certainbeginningconditionsof the main experiments shown Tables 1 and Rote that the

beginning nutrient concentrations are the means of five random samples taken at the beginning

of each trial. The inlet flow rate is alsaetinean of the inlet flow rates of all systems.

Tablel: Beginning nutrient concentratiorisr all experimental conditions.

BACTERIA MEDIA | DILUTION | BEGINNING | BEGINNING | BEGINNING | BEGINNING

SOURCE NITRATE | PHOSPHATE NITRITE AMMONIA

(PPM) (PPM) (PPM) (PPM)

TALLAPOOSA PROLINE Ya X 2.77 1.92 NA NA
RIVER F/2
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TALLAPOOSA PROLINE Y4 X'| NA (estimate: 2.65 NA NA
RIVER F/2 3.27)
TALLAPOOSA PROLINE Ya X 3.76 3.67 NA NA
RIVER F/2
TALLAPOOSA PROLINE 2 X | NA (estimate; NA (estimate: NA NA
RIVER F/2 55.6) 9.70)
TOWN CREEK PROLINE Ya X 2.65 2.06 NA NA
PARK F/2
TOWN CREEK PROLINE 2X 55.6 9.70 NA NA
PARK F/2
TOWN CREEK FISH Y2 X 223.3 19.9 0.750 0.700
PARK WASTE
(FILTERED)
MIXED FISH Ya X 168.1 12.8 0.227 0.763
WASTE
MIXED FISH FULL 5.80x 16 46.7 1.75 1.08
WASTE | STRENGTH
MIXED FISH %X 225 22.9 0.349 0.508
WASTE
MIXED FISH 1/4X 136 10.5 0.0728 0.357
WASTE
MIXED FISH 1/4X 133 9.52 0.0879 0.339
WASTE
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Table2:Beginning trial conditiondor all trials.

BACTERI

MEDIA

DILUTIO

DURATI SLOPE | BACTER | ESTIMATE| ESTIMA
A SOURCE N ON (%), IA | DALGAE TED
(DAYS) | AVERAG | INOCUL [INOCULUM| BEGINNI
EFULL | ATi-ON | DENSITY NG
INLET TIME | (MG/ML)| BIOFILM
FLOW (HRS) BIOMAS
RATE S (G/ICM?)
(ML/S)
TALLAPO | PROLINE Ya X 8 3, 186 69.7 0.5 NA
OSA F/2
RIVER
TALLAPO | PROLINE Ya X 8 3, 194 72.0 0.3 NA
OSA Fi2
RIVER
TALLAPO | PROLINE Ya X 8 3, 187 448 0.340 2.96 x 10°
OSA Fi2
RIVER
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TALLAPO | PROLINE 2 X 5 3,185 72.0 2.5 1.94x10
OSA F/2 5
RIVER
TOWN | PROLINE Yy X 8 3, 168 72.0 1.1§ 2.84x10
CREEK F/2 5
PARK
TOWN | PROLINE 2 X 6 3,16.4 72.0 N/A| 2.13x 16
CREEK F/2 5
PARK
TOWN FISH 1o X 7 3, 145 656 N/A N/A
CREEK WASTE
PARK | (FILTERED
)
MIXED FISH s X 7 2,15.2 48.0 5.6 1.36 x 10P
WASTE
(UNFILTER
ED)
MIXED FISH FULL 4 2,16.9 45.4 5.6 1.13x10
WASTE | STRENGT 5
(UNFILTER H
ED)
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MIXED FISH YoX 12 2, N/A N/A 5.5] 1.53x1¢
WASTE

MIXED FISH 1/4X 4 1, N/A 48.7 5.4 2.75x 1
WASTE

MIXED FISH 1/4X 7 3,16.3 72.0 5.4 3.26x 10
WASTE

2.2.1. Algae and algae inoculation

A variety of algae was used in preliminary experiments. However, the main experiments utilized

Rhizoclonium spplue to its easy accessibilitgollected from plant nursery in Biological

Engineering Research Laboratory at Auburn University, Auburn, Al, where it grew naturally)

and possession of desirable attachment characterRhiz=ocloniumis a uniserial, usually

unbranched filamentous green algae from the family Cladophorédieae et al., 2018 Due to

the nature (long, crystalline fibers) and high content of its cellulose, it has potential to be used as

part of the wood pulp needed for paper manufadtdveang et al., 2022)ts lipid content also

makes it possibly suitable for biodiesel production feedsBakpati et al., 2015)mages of

Rhizoclonium sppriewed under a light microscop different magnificationsan be seen in

Figureb.
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Figure 5: Images of Rhizocloniuspp. under the microscope at 40x (top left), 100x (bottom

right), and 400x magnification (top right and bottom left)

To prepare the algae inoculum for each trial, clumps of the algae were placed in a blender with
deionized water and blended for between 153fhgskcondgo create a homogenized inoculum.

Two methods were used to gain an approximate quantification of the biomass per milliliter of
inoculum. Inthe first 1 milliliter of inoculum each was pipetted into five preighed aluminum

pans, after which the pans were dried at 495°C for3-24 hours. After drying, the pans were
cooled in a desiccator for at least 30 minutes, then weighed. The original pan weights before the
addition of the biomasseavesubtractedrom these new weights find thedry weight of the

biomass. The five biomass weights were averaged to approximate the grams of algae biomass
per milliliter of inoculum. The second method, which wassitioned into at the start of and

used for all of the aquaculture waste trials, involved weighing a set amouata@fae biomass

(3.00+ 0.100 grams wet weight) prior to inserting it %0 milliliters of DI water and blending
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it. At the start of each trial, 480 milliliters of the blended inoculum were added to each
reservoir, with exceptions noted in discussio
varied from trial to trialvhen method 1 was usédt wasapproximatelythe same for each

system within a trial unless an incident occurred).

2.2.2. Bacteria and bacteria inoculation

Bacteria was sourced from two locations, the Tallapoosa River boat launch in Tallassee,
Alabamg 32 A3 0063 2. 60 Nand BowAGe:IOPA&, Adbormgdama

(32A34654. 70 Nimagéssofwhighacane viewedFigures.

friw e oA

Figure 6: From left to right, Tallapoosa River Boat Launch, Tallassee, Alabama and Town
Creek Park, Auburn, Alabama
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Water was collected from thesies and used to culture bacteria communities in sterilized

nutrient brothmade by mixing nutrient broth powder from VWR International with tap water

treated with sodium thiosulfate crystafd the beginning of each trial, samples of the algae

inoculum, media, and bacteria inoculim random amountsyere takerand poured into plastic

centrifuge tubes, then stored in a freeZére first two represent the background bacteria. The

water sourced from the environment was poured into or had bacteria treah&igtoop to

nutrient broth and incubated at 37 for 24 ho
cultures were poured into glass mason jars, each containing oneupléedbstratum, and the

jars were incubated for Z&2 hours (dependingonthet al ) at 3 Figured $hes hown i
jars were removed from the incubator and manually shaken in a horizontal circular motion at

random intervals. One of these new jars was saved to use as the new inoculum source. This was
repeated for both bacteria comnities used, the one sourced from Town Creek Park and the one
sourced from the Tallapoosa River, as well as the mixed community formed from mixing

bacteria cultures from both locations.
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Figure 7: Substrata inoculation jars in and out of incubator

At the end of the experiments, select samples were sent off to Molecular Research DNA lab

(MR. DNA) for 16S RNA sequencing to identify the major bacteria present within the systems

during the trialsThe samples were as follows:

1
T

T
T

A sample to represent the Tallapoosa River bacteria community

A sample to represent the Town Creek Park bacteria community

Two samples to represent the mixed bacteria community

A sample to represent the background bacteria from synthetic;media

A sample to represent the background bacteria from the algae ingculum

A sample to represent the background bacteria froraghaculture wastewater

Even though samples were not taken from each trialagsamedhat community structure for

trials using the same community source would not shift significantly between trials, so these
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samples can be taken as representative of the straifdutdals from which samples were not

processed.

2.2.3. Media preparation

Two types of media were used in this study, a synthetic mieelawater modifiedPra_ine F/2
fromPentay which i s modeled after Gui [THetaterdvass F/ 2
obtained from barrels gathered at least a year prior to the start of the experiments and stored at
4AC since, resulting in the elimination or mi
community. The artificial media was prepared byetiing the required Prane F/2nutrient

solutions A and B into two fivgallon buckets and adding tap water, then dechlorinating the

resulting media with sodium thiosulfate crystals. To ensure an even mixture of both buckets in
case of pipetting or measurement error, a measuring cup was used to scoop 2 liters from each
bucket intoeach reservoir for a total volume of 4 liters each. The fish waste was similarly diluted
when applicable with conditioned tap water in two fgadlon buckets or placed into one bucket

while the other bucket held treated tap water and distributed eventybioth buckets to the

reservoirs. In the trial where the fish waste was filtered, Fisher Brand R8etimeter

diameter filters with 20 to 25 micrometer particle retention were used.

2.2.4.Trial setup

At the beginning of each trial, after filling the reservoirs, the drain pipes were attached to the
systems6é6 front ends, and the systems were pl a
going down into the reservoir. Borollata brand DC107 automatic digital angle gauge

(manufacturer: AOSYCOWyas used to adjust the slope by removing and adding various items

used as wedges close to thiet end where the systems sat on wooden blocks.
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The substrata were then removed from the jars and secured at the bottom of each channel
with binder clips. The control substrata, which had no biofilm, were also placed in the channels
at this time, after which the lids were slid into place. The inletdva®ze inserted into the inlet
holes in the back end of the system and secured with tape where necessary. The lids/LED strips
were plugged in and the algae inoculum was added. The power strips where the pumps and lights

were plugged in were then turnedtorstart the trial.

2.2.5. Initial bacteria biomass enumeration

At the beginning of the substrata inoculation period, 3 coupons of roughened polypropylene film
(3.02 x 7.62 crhin dimension) were also placed into each jar. Thes® removed at the same
time as the substrata. The coupons were placed in aluminum pans as skhigunsid and then

dried in a muffler furnace at 55105°C for 2448 hours.

Figure 8: 3.02 cm x 7.62 cm roughened polypropylene bacteria enumeration strip in aluminum

pan

After removal from the muffler furnace, the pans with the coupons were placel@sncaator
for a minimum of 30 minuteand allowed to cool to ambient air temperatafeer which the

pans with the coupons were weighed. The coupons were removed from the pans, and the
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roughened sides were scraped with a piece of plastic or a pair of tweezers. After replacing the
coupons in the pans, the pans and coupons together were weighed again and this weight
subtracted from the initial to get an estimate of the biofilm mass cgvirencoupons. The

biofilm massper areavas then estimated by dividing the biomass by the coupon surface area.
The biofilm masseper areavere averaged for each substratum, then the averages were averaged

together to get the average estimated startiofijini massper aredor each trial.

2.2.6. Harvest and analyses

At the end of each trial, the biomasas harvested from the entire surface area of each
substratumleaving nothingrisible behind for regrowth since each trial was a separate trial
requiring sterilization before and after. The substratumfirstgemoved from the channel and
placed on the lab bench. A known amount of deionized water in a squeeze bottle was used to
rinsebiomassoff the substratum going in an+4@md down zigzag motion from left to right,
repeated down the length of the material. The bgsmased off into a beaker in this step was
classified as loosely attached biomass (LAB). Half of the (AWBasured with a graduated
cylinder)was filtered through a dried and preighed47 mm diameterQ.7-micronpore size
Whatman GF/F filteusinga vacuum filtration systepand the filtewasplaced in an aluminum
pan.

The pan and filter were placed in a muffle furnace and dried-4085C for 2448
hours, cooled in a desiccator for a minimum of thirty minutes, and weighed. The original filter
weight was then subtracted from the weight of the filter + LAB to obtaidrheveight. The
other half of the LAB was filtered in the same manner on a separate filter, but thiwdter
placed in &-milliliter centrifuge tube wrapped in aluminum foil to block the light. Four

milliliters of a 90% acetone and saturated magnesiaronate solution was then pipetted in,
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and chlorophyllb was extracted in the dark at 4°C fe28 hours Absorbances werthen
measured on the spectrophotometer@ndrophylla wascalculated as per Chapter 17 of
Methodsin Stream Ecology, Second Editifidauer & Lamberti, 2007).
In addition, for all buthe firsttwo trials, the absorbance of the extract at 665 nanometers
before acidification was obtained and the total chlorophyll pigments calculated as a check on the

chlorophylla measurement&eeCalculations and Analysgection fortotal chlorophyll

pigmentsequation). A small cylindrical tube brush was used to detach the remaining biomass
from the substratum, classified as strongly attached biomass (SAB), and the brush and
substratum were then rinsed with a known amount of deionized water in a squeezé&hmttle.
rest of the steps were the same as for the LAB. This procedure was repeated for eadmnslystem
is visualized in the diagram Figure9. The ratio of SAB to LAB is the strongly attached index,
or SA index, and is used as the measure of strengtbachatent for this research.

Strength of attachment assessed as ratio of strongly attached :

loosely attached biomass and chla

Loosely Attached Dry weight

Split into halves or a known
fraction

Filter halves separately

Strongly Attached Chlorophyll a
(acetone extraction,

spectrophotometry)

Figure 9:Diagram of harvesting processd workflow.
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2.2.7. Flow measurements

Two flow measurements were taken at the end of each trial, inletrflowliliters per 2 seconds

and approximate channel travel time. To obtain the former, the amount of fluid that filled a
centrifuge tube at the inlet in 2 seconds was measured five times for each system, then averaged.
The averages of all the averages for each system were then averaged together and divided by 2 to
get an overall average inlet flow rate in milliliters/second for the trial. To measure channel travel
time, a drop of food coloring was dropped at the beginning obpe® portion of thehanng,

and its travelvasrecordedusing an iPhoneThetime it tookthe tip of the dye trailo travelfrom

the beginning to the end of the open portion of the chanmselcondsvasthenobtained from

the video This was only performed once for each channel for each trial.

2.2.8. Nutrient analysis

At the beginning of each trial, five water samples were taken fiensonallyselected reservoirs
(different for each trialjor nutrient quality analysis. At the end of each trial, each reservoir was
filled back to thed-liter mark with deionized watdo account for evaporatiothen a water

sample was taken from each one for nutrient analybis.end water samples were filtered
through 47 mm diamete®d, 70-micronpore size Whatman GF/F glass fiber filters using a
vacuum filtration setup to eliminate erference from organic particulate matfditrate and
phosphate measurements were taken for each trial from the water samples using Chemetrics
Vacuvials (kits K-6903 which uses the cadmium reduction methard) K-8503 which uses the
Vanadomolybdophosphoric Acidethod for orthophosphatesspectively) In addition, nitrite
nitrogenand ammoniaitrogenmeasurements were taken for the fish waste trials, also using
Chemetrics Vacwials (kits K-7003 which uses the Azo dye test methadd K-1513 which

uses the direct Nesslerization methmspectively) and converted to ppm of nitrite and
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ammoniaThe samples were diluted with DI water in the provided sampleasipseded to get
them within the range of the Vaatals (for nitrate, dilution was performed either by diluting in

a separate cup or adjusting the amount of sample added using the syringe).

2.2.9. Environmental measurements

A HannaHI198129 combination electrical conductivity/temperatpkeprobe was used to take
measurements of pH, temperature in degrees Celsius, total dissolved solids in parts per million,
and electrical conductivity in micBemens a minimum of three times during each trial, at the
beginning, once during the trial, and at the end of the thiactly from the reservoir through a

slot cut in the lid as shown in Figure. & the end okachtrial, measurements were taken of the
final condition of the medidyut an additional measurement was taken after the reservoirs were
filled back up to the diter mark withdeionized wateto account for evaporation losses
Temperature and pH were not controjladd the reservoir levels were replenished only at the

end of each trial before taking water samples.

Figure 10: Hanna combination probe
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2.2.10. Sterilization

Between every trial, the systems were disassembled and sterilized with alcohol and bleach
separatelyThe lids were removed and wiped down with 70% isopropyl alcdiha.channels

were removed, and the drain pipes were detacheoutiseles were wiped down with 70%

isopropy! alcohol, and more alcohol was sprayed into the channels and allowed to sit for at least
60 seconds. The insigslef the channels were then rinsed with tap water and scrubbed with a
bleach andietergensolution. The hoses and drain pipere placed back in the still full

reservoirs, and bleach was added toréservoir; the reservoir and components placed in it were
allowed to soak for at least 3 houf$ie reservoir was then scrubbed with a bleach and liquinox

solution, and it, the hoses, and the drain pipe were rinsed with tap water.

Section2.3. Preliminary trials

2.3.1. Biomass trials

A series of growth trials were performed to determine if the prototypes and the final systems
could grow the kind of algae (filamentous green algae) desired for the planned experiments.
These trials were primarily qualitative. Generation 1 prototypes aner@tion 2 prototypes (the
first 3) were inoculated with liquitigeoclonium spseeFigure 11a) cultures and clumps of

Rhizoclonium spgseeFigure 1lb) in several separate trials.
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a.

Figure 11: (a) Stigeoclonium spp., (b) source of Rhizoclonium §uymps

The biomass was harvestiey flask vacuumingusing a vacuum flask where the opening
has a plug that is sealed except for an opening through which a small piece of a glass pipette with
a hose attached is inserted and the side is hooked up to a vacuum line for atictignlar
intervalsand air or ovendried,and the turfvasallowed to regrow. These trials were solely to
see if the desired attached filamentous green algae would grow at the small scale of the lab
bench ATS systems to determine if the systems were suitable for the planned experiments. As a

result, quantitative ata is not available, but an image timeline of growth can be viewed in

Appendix B.1

2.3.2. Length, concentration, sterility experimenals

It was determined that a set of preliminary experiments testing combinations of trial length,
media nutrient concentration, and sterilization was necessary to define parameters for the main
experiment. The purposes of the experiment, called the LengtheQtoation, Sterility

Experiment (LCSE), were to see if the trial periods could be shortened from a week to save time
and reduce the amount of time the algae had to grow filaments from attached cells, (which would

distort gathered data), by raising therrtt concentration, determine the minimum trial
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duration needed, and see the effect of sterilization of media on general attachment. These were
basic biomass growth trials with dry weight as the measure of attachment. Dry weight was
obtainedn the same way as discussed in the common methods section, but for these preliminary
trials the biomass was harvestedflagk vacuuming ad taken all at once, with no distinguishing
between loosely and strongly attached biomBgf$erent combinations of F/2 concentration and

trial duration were tested.

However, while carrying out these trials, it was observed that the algae seemingly
growing fAatt achedo(ahlagk polthyleneneting tkaditonally sised bg t u m
the lab grougpy Industrial NettingMaple Grove, Minnesota, USAaid in the bottom of the
channels were actualthytattached in a way detectable by unenhanced vision. Inskeaalgae
biomasswvas trapped beneath the water of the Tieé observation raised concerns that the algae
was not actually attachirtg the substraturandwould not attach fast enough for the planned
experimentation, so LCSE was abandoned part way through. Results before experiment
shutdown can be viewed ikppendix B.Z2 but the values shown represent biomass present in the

channel at the end of each trial rather than attached biomass.

2.3.3. Substratum trials

The substrata originally used in preliminary testing was black polypropylene r(btiing
exclusionnetting with 1/4inch mesh from Industrial nettingecause it has traditionally been

found to be a surface that flamentous green algae and other periphytic species find favorable for
attachment and is known to be chemically inert, reducing noise. It has also been used
successfully in different studies ahds a history of use within the lab gro@oss et al. (2016)

also found polypropylene and nylon to be the substrate materials best suited for algae attachment

in an attached revolving biofilm systefowever, throughout the preliminary trials, it became
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clear that the attachment was not taking place at a rate suitable for the range and nature of the
experiments plannea@s described abovBecause the stages being studied were initial

attachment and colonization, it was preferable to have attachment take place within three to
seven days. Even though attachment may have been occurring on a microscopic scale, it was
difficult to verify this, so the attachment referred to here is visible attachment. Visible attachment
to the black netting did not occur withilmis duration; what appeared to be attachment and was
harvested through vacuuming walgaetrapped in the water beneath the netting, which could

not be differentiated from actual atted biomassecause of lack of visibility.

Four substratum materials were tested to determine if a different substratum would be
more suitable for the envisioned trialghite polypropylene filmwhite polypropylene film
roughened with sandpaper, white polypropylene &sltl the previously used black
polypropylene netting as shown belowHigure12. The film (ASTM D4101,FDA Compliant
21 CFR177.1520UL 94 HB) and felt(unrated)were manufactured by McMast€arr.The
roughened film was roughened by sanding the surface witkpattern going dow the length
of the substratum twice, beginning with a left to right stroke the first time and a right to left

stroke the second tim&he sandpaper used was 2@ sandpaper.
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Figure 12: From top to bottom: polypropylene felt, roughened polypropylene film, polypropylene

netting, and unroughened polypropylene film

Three 8day growth trials were run with double strendteshwatemrmodifiedF/2 as the
media anKlebsormidium sppseeFigure B) for the first and second trials aBtigeoclonium

spp.for the third trial as the algae.

Figure 13: Klebsormidiunmspp. at 400x magnification

Other operating parameters were a slope2{get using a level) and full inlet flow rate
For the first trial, there were three replicates of systems with each kind of substratum, film, felt,

and netting, for a total of nine systems run. The second trial was a repeat of the first, but based
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on the qualitative observation that there was no visible attachment on the netting, the netting
systems were not harvested. The final substrata trial tested the film, felt, and roughened film.

These were simple biomass attachment trials, with dry weight being the sole measure of
biomass since there was no need to differentiate between a bacteria biofilm and the algae.
Harvest was achieved through flask vacuuming, with no distinction betweetylaosl strongly
attached biomass, but dry weight was obtained using the same method as described in the
common methods sectioh.oneway ANOVA and a Tukeyds test we
substrata trial, using the ANOVA function from data analyzéficrosoftExcelandT u k ey 6 s

HSD test calculations iNicrosoft Excel.

2.3.4. Variability trials

Two trials were run to determine the variability among the nine final systems. These were simple
4-day biomass growth trials with all systems run under the same conditions (0% slope, full inlet
flow, 20 mL liquidKlebsormidium sppgnoculum cultured in a flask, roughened polypropylene

film as substrata)lhese trials were run like main experiment trialsing the same common

methods but there were no treated systems and no chloroplaylalysis, only dry weight

analysis.

Section2.4. Main experiments

The following sections describe conditions for the various trials and any deviations from the
standardnethod related previously. Some of the information related in Tables 1 and 2 is
reiterated here for the purpose of creating separate concise images of each particular
investigation.The experiments are numbered as trials in order to reference them later in the

document without having to reiterate the conditions tested repeatedly.
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2.4.1. Trials 1-3: The effect of Tallapoosa River water bacteria biofilm on attachment in low

nutrient synthetic media

The impact of bacteria biofilms formed by a community cultured from Tallapoosa River water

on attachment in a ¥4 dilution of synthetic media was tested in three separate trials. While these
tested tle same condition, 0.25x Proline Ri@w nutrient synthetic mediamade with freshwatgr

and the Tallapoosa River microbial community, they were not exact replicates of each other and
were analyzed completely separately. They are referred to as Trial 1, Trial 2, and Trial 3 in the
order they were conducted. Theakduration for each was 8 days because in the first trial the

algae took longer to visibly attach than had been observed previously and the following two were
run forsame duratioto keep them similar. The substrata incubation times and average algae
inoculum biomass density were 69.7,&2nd 448 hours and 080, 0.300, and 0.39 mg/mL

for Trials 1, 2, and 3 respectively. Beginning bacteria biomass estimations were not estimated for
the first two runs, but for thinird one, it was estimated that teebstrata began with96 x 16

+ 7.79 x 16 g/cn? biofilm biomass The average beginning nitrate concentrations for Trials 1

and 3 were 2.7Z 0.274and 3.76t 1.70ppm respectively. When measured, the average

beginning nitrate concentration for Trial 2 was measured ast1®27ppm, but because the

value is so high and not consistent with the other thisjs believed to be an inaccurate value
caused by an error in the measurement process. The average beginning phosphate concentrations
for the three trials in order were 1.92.669,2.65+ 0.733 and 3.6 1.55ppm respectively.

Though the values are different, they are still in range of each other and theedxg®sphate
concentration, so they are considered accurate for their respective trials, with a mistake during
media preparation considered the cause behind the variation. Slope wasQG&t & B 0%

with full inlet flow; the average inlet flow rates were 18.6 + 1.75, 19.4 + 1.19, and 18.7 =+ 1.08
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mL/s for Trials 1, 2, and 3 respectiveNo final pH, temperature, total dissolved solids, and

electrical conductivity data evetaken on harvest day for Trial 2.

2.4.2. Trial 4: The effect of Tallapoosa River water bacteria biofilm on attachment in high

nutrient synthetic media

The impact of the Tallapoosa River water bacteria biofilm on attachimbaigh nutrient

synthetic mediavas tested using double streng#shwatermodified F/2 over dive-day period

using substrata incubated for 72 hours and algal inoculum with an average algae biomass density
of 2.58 mgmL. The estimated average beginning biofilm biomass wa%x.10° + 3.00 x 1¢

g/cn?. The beginning nutrient concentration data {eas butbased on other nutrient

measurements taken from 2x strength F/2, the beginning nitrate and phosphate concentrations
should have been around 55.6 andd$@m respectively, and these values were used when
calculating the change in nutrient contrations over the course of the trial. The slope was set to

3.00+ 0.100% with full inlet flow and an average inlet flow rate 8.5+ 2.23mL/s.

2.4.3. Trial 5: The effect of Town Creek Park Water bacteria biofilm on attachment in low

nutrient synthetic media

The i mpact of a biofilm formed from a bacter:i
stream on attachment in low nutrient synthetic media was tested using quarter strength
freshwateimodified F/2 over a eightday period using substrata incubated for 72 hours and

algal inoculum with an average algae biomass densityl&mg/mL. The estimated average

beginning biofilm biomass was84 x 1+ 6.02 x 1 g/cn?. The beginning nitrate and

phosphate concentration®re2.65+ 0.195and2.06+ 0.0898ppm respectively, and these

values were used when calculating the change in nutrient concentrations over the course of the
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trial. The slope was set to0® + 0.100% with full inlet flow and an average inlet flow rate of
16.8+ 1.56mL/s. Deviationsin methodology were that systems 7, 8, and 9 were harvested the
day after the mmainder but the water flow and lights for these systewese turned off at the

same time to inhibit growth. The biomass for dry weight was dried at 55°C for 48 hours.

2.4.4. Trial 6: The effect of Town Creek Park water bacteria biofilm on attachment in high

nutrientsynthetic media

Trial 6 tested the effect of the Town Creek Park water bacteria biofilm on attachment when
doublestrengthfreshwatemmodified F/2 was used as the growth medhieera sixday period

using substrata incubated for 72 r®Udrhe numbers to find the average biomass density of the
algae inoculum were lost; due to a spillage, five milliliters of the inoculum plus an algae clump
of unknown mass @readded to each systeifhe estimated average beginning biofilm biomass
was 213x 10°+9.24 x 1¢° g/cn?. The begining nitrate and phosphate concentrations were
55.6+ 3.47and9.72+ 0.113ppm respectivgl The slope was set tod® + 0.100% with full

inlet flow andan average inlet flow rate @6.4+ 1.85mL/s. The dry weight filters were dried

for 47 hours at 105 °C.

2.4.5. Trial 7: The effect of Town Creek Park water bacteria biofilrhaif-diluted, filtered

aguaculture waste

The impact of the Town Creek Park water bacteria biofilm on attachment was tested in
aquaculture wastewater that was diluted to-bmngth with tap water treated with sodium
thiosulfate. The wastead been preserved at 4°C for over a wealwas filteredwith a Fischer
brand P&0.5 cm diameter filter with 285 micron particle size retention capa@tyor to

dilution. The trial took place over aday period andised substrata incubated &%.6 hours
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with anunknownbeginning bacteria biofilm massdalgal inoculum with an unknown biomass
density poth unknownsrosefrom data loss due to a scale errdf)e beginningitrate,
phosphatgenitrite, and ammoniaoncentrations wer267 £ 21.6ppm,19.5+ 1.55ppm, 0227+
0.00ppm, andlL.02+ 0.421ppm respectivelyThe slope was set at 3.@0.100 %with full inlet
flow and an average inlet flow rate b4.5+ 3.29mL/s. There werdour major changes in
methodology in this trialThe first is that thidrial was harvested with tap waiestead of DI

water, and the reservoirs were refilled with tap water before water samples were taken for final
nutrient analysidlt is assumedor the purposes of this trithat any nutrients in the tap water are
present in a negligible amoutwmpared to the amount in the fish waste (which had a
considerable amount of nutrient$he second change is that for this trial instead of splitting the
harvested biomass in half (half for dry weight measurement and half for chloraphyll
measurement) like in previous trialee bbmass was spliith a graduated cylindesp that 3/8
was used for dry weight measurement and 5/8 for total chlorophydlasurement to try and
reduce some of the error caused by having such a small amount of chloacglgilable for
analysisThe third change was that the biomass was blended for approxihasebefore

splitting and filtration(this was only carried out in this trial and Trial 8he final change was

that thefilter and pan were weighed together instead of only weighing the &herthis change
was adopted for all trials after (the other three were Astpf this trial, lid 3 was replaced with

lid 10 because the former burnt out.

2.4.6. Trial 8: The effect o& mixedbacteria biofilm in heavily diluted, unfiltered aguaculture

waste

In this trial, the impact oA mixedbacteria biofilm(the inoculation jars were inoculated with

bacteria from both the Tallapoosa River and the Town Creek Park wateatpchmenivhen
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unfiltered aquaculture waste diluted to quarter strength with sodium thiosuéfated tap water
was used as the media was tested @wdays, usingubstrata inoculated for 48 howvih a
beginning estimated bacteria biofilm biomasd &6 x 16° + 5.38 x 1¢° g/cn?, andalgae
inoculum with a biomass density 5f64mg/mL. The waste used was the same waste used in
Trial 7, and all trials after also used this wa$tee beginning average nitrate, phosphate, nitrite,
andammonia concentrations were 1:681.0ppm, 12.8 1.43ppm,0.227+ 0.00ppm, and
0.763% 0.158ppm respectivelyThe slope was set to 2.00 £ 0.100% with full inlet flamd an
average inlet flow rate of 1523.43mL/s.(The reduction of the slogeom 3 to 2%was in the
hopes that any true effect of the biofilm, if present, would be more apparent through any outside
noise in unfavorable conditions; increasing the slope increases the channel velocity, and higher
channel velocity favors attachment up to a pbettause of the transfer mfitrients to the algae
via movement. Reducing the slope should theoretically have made the environment less
favorable for attachmennt.

For this trial, the bacteria biofilm mass estimation strips were air dried for 3 days instead
of being oven driedStarting with this trial and continuing in trials after, algae inoculum was
made by preveighing a select amount of algae biomas3® + 0.100 g wet weight and adding

it to a known amount of DI wate$.60 x 1G mL).

2.4.7. Trial 9: The effect o& mixed biofilmbacteria biofilm in undiluted, unfiltered aquaculture
waste

The effect of the mixed bacteria biofilm (Tallapoosa River and Town Creek Park water bacteria)
on attachment when the media is undiluted, unfiltered fish waste was testedlalay period.

The substrata were incubated for 45.4 hours and the average beginning bacteria biofilm biomass

was1.13 x 10° + 6.59 x 1¢° g/cn?. The algae inoculum had an average biomass density of 5.64
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mg/mL. Theaverage beginning nitrate, phosphate, nitrite, and ammonia concentratior®Were
+ 32.6ppm, 46.7+ 4.79ppm,0.581+ 0.0439ppm, and 22.4 0.806ppm respectively(Only 4
nitrate measuremen#,ammonia measuremendd 3 nitrite measurements were averaged to
obtain the average beginningrate,ammoniaand nitrite concentrationsSlope was set &.00

+ 0.100% with full inlet flow rate and an average inlet flow raté@B+ 2.28mL/s. On day 3,

thelights and flow to the systemgere cut off fora few hours.

2.4.8. Trial 10: The effect of mixed bacteria biofilm in medium diluted, unfiltered aquaculture

waste

The mixed bacteria (Tallapoosa River and Town
attachment iunfiltered aquaculture waste diluted to bstifength with tap water treated with

sodium thiosulfate was tested ou& daysThe longer trial duration was due to an unavoidable
scheduling conflict; though ied to some extension of filamemthich may have slightly

distorted the amount of attachment versus grothithamounof outgrowth is assumed to be
negligible here. The substrata were incubatedriarraecorded period and began with an

estimated average biofilm mass densityt &3 x 1 + g/cn?. The algae inoculum biomass

density wa$.51 mg/mL.The average beginning nitrate, phosphate, nitrite, and ammonia
concentrations werg25+ 24.2ppm, 22.9% 0.419ppm,0.349+ 0.0416ppm, and 0.50& 0.111

ppm respectivelyThe slope was set to 2.00 £ 0.100% slope with full inlet.flDmere is no

average inlet flow rate datvailable for this trialThe dry weight samples were air drifdhere

is no intention to compare across different trials so as long as the samples dry the same amount
relevant to eacbther, there is no need to ensure all water is removed for the purposes of the

experiments described in this manusctiptaddition, though DI water was used to refill the
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reservoirs at the end of the trial before taking final water samples for nutrient arthlysistual

harvest was performed with tap water.

2.4.9. Trial 11: The effect of mixed bacteria biofilm in heavily diluted, unfiltered aquaculture

waste with reduced slope

The effect of the mixed (Tallapoosa River plus Town Creek Park water) bacteria biofilm was
testedusing a quartedilution of unfiltered fish waste (diluted with tap watand with a
considerably reduced slope of 1.00 £ 0.100% slope with full inlet {lbevaverage flow inlet

flow rate was not obtained for this tjialhe trial duration wad days, andhe substrata were
incubated fod8.7 hours, resulting in an average beginning biofilm biomass dengtysok 10
®+1.14 x 1 g/cn?. The algae inodum had a biomass density ®#5 mg/mL The beginning
nitrate, phosphate, nitrite, and ammonia concentrations were 136.2 + 11.0, 10.5 + 0.718, 0.0728
+ 0.00680, and 0.357 £ 0.0313 ppm respectivEhe lights on systems 1, 4, and 9 were flashing
on day 3the amount of time they had been flashingriknown butvas under 24 hours. The
adapter for those three systems were replaced with a 15\A adapter for the rest of the trial.
This trial was meant to tetite effect of changing slogdropping from the 2% that had been
used for all aquaculture waste trials with the mixed bacteria biofilmiit%andem with biofilm
presence; the quarter dilution of fish waste was used because statistical significance was

observed in the trial where the dilutiormsvused as the media.

2.4.10. Trial 12: The effect of mixed bacteria biofilm in heavily diluted, unfiltered aquaculture

wastewith increased slope

Trial 12 tested the impact of the mixed bacteria biofilm (Tallapoosa River plus Town Creek Park

water bacteria) when quarter strength fish waste was used and the slopetavd@90€et 0.100%
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slopewith full inlet flow and an average inlet flow rate 6.3+ 2.54mL/s. In this trial, because
there was more than a minimal differenoa the scale of 5 mL/s) between the inlet flow rates of
some of the individual systems,-gest was also run in R to see if there was a differentt#ah

dry weight or total chlorophyk because of the flow rate difference. To do this, a label of high
was assigned to those systems with inlet flow rategezfter thai5 mL/sand a label of low to
those with annlet flow rate less than that. No statistically significant difference was found,
meaning any effect the difference in inlet flow rates tiacttachmentan be ignoredlhe

channel depth was also measured in thisand}l (by dipping the end of a strip of paper into the
center of the channel and measuring the length of the wet portion, repeated five times for each
channelland found to bea maximum 00.159 cm across all systenT$e substrata were

incubated fof72 hours, resulting ian average beginning biofilm biomassnsityof 3.26 x 10°

+ 1.28 x 1@ g/cn?, and thealgae inoculunhad a biomass density of 5.45 mg/mL. The systems
were not harvested until day 8, but they were turnegigfits and flow)on day 7 to prevent

further attachment, making this ad@y trial. The beginning nitrate, phosphate, nitrite, and
ammonia concentrations wet83+ 10.6ppm, 9.52t 0.236ppm, 0.087% 0.0197ppm, and

0.224+ 0.0188ppm respectivelyThis trial was meant to tethe effect of changing slope in

tandem with biofilm presendgrials with quarter dilution of aquaculture waste and mixed
bacteria biofilm had been tested only at 1 and 2% slopes prior to thisttrafuarter dilution of

fish waste was used because statistical significance was observed in the trial where the dilution

was used as the media.
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Section2.5. Calculations and Analysis

The data wereoriginally gathered in paper form, then transferred to Microsoft Excel where total
dry weight, chlorophylh, total chlorophyll pigments, and SA indidgsAB:LAB, see previous
section on harvestingyere calculated.
Chlorophylla was calculated using the equations frigl@thods in Stream Ecology
(Hauer & Lamberti, 2006 )isted as Equatins 1-3 below, with the exception that it was not
normalized over the surface area as in the text
Chlorophylla (>g) = 26.7 (BeanT Bss)*VexiL (1),

where,

Esssar=[{Absor bance of sample at 664171 nmi Absor bai

{Absorbance of sample at 750 nmi Absorbance

Acidification}] (2),

Esss=[{Absor bance of sample at 663inmi Absor ban

{Absorbance of sample at 750 nmi Absorbance

Acidification}] 3),

Vext = Volume of 90% acetone used in the extraction (mL)

L = length of path light through cuvette (cm)

26.7 = absorbance correction (derived from absorbance coefficient for

chlorophyll a at 664 nrfiL1.0] xcorrection for acidificatiori2.43])

1.7 = maximum ratio of ksasEsesain the absence of pheopigments
Total chlorophyll pigments were calculated using Equation 4, which was adapted from
Goltermamd s 69) W&hods for chemical analysis of fresh waters IBP Handbook, NeiBg

Parsons and Stricklandds ( 19 6a3n)aqueoxisacetocetas o n

6C
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listed in Table 7.1 in the same boakd to use absorbance read at 665 nm instead of 6¢Seem
Appendix E.Ifor derivation).

Peni = (YEses i YEzsol “Esss + “Erso)(Vol. ext./L) (4)
where,

Peni = total chlorophyll pigments ing/cn®,
YEges = absorbance of unacidified extract at 665 nm
YEzs0 = absorbance of unacidified extract at 75Q nm
AEges = absorbance of acidified extract at 665,nm
AEzs0= absorbance of acidified extract at 750,nm
Vol. ext. = extract volume in mL and
L = light path through cuvette in cm
Generally, chlorophylé and total chlorophyll pigments are expressed in terms of total area or
volume However, thesubstrata used differed slightly in surface area, ranging from 360.10 to
445.16 crdue to slight cutting errors. As the algae could not attach to the entire substuatum
to the nature of its placement in the channel, these slight differences wetdfictent to cause
serious deviation in resultbutit was also deemed more accurate to relay findings in-a non
normalized format.
Excel 6s F. TEST function was used to determ

equal variances for each variable calculatbd Ftest results can be viewedAppendix E.3
The data was then analyzed using t.test() for equal or unequal variance (basedstthe F
results) in R, with an alpha of 0.0bhe 95% confidence intervals were also obtained from the
t.test() functionThese show the range of potential true mean differences such that, if these trials

were repeated multiple times, in 95% of the replicate tribkstruepopulationmean difference
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between the treated and control groups would be in the intefvedsvidth of a confidence
interval is also an indicator of precision.
Cohentés d effect size was calculated in EX

the control and treated groups by the pooled standard deviation, where pooled standard deviation

is:
SQRT{ (N1-1) X SD12+ (N2-1) X SDA)}/(N1+ N2- 2)] (5),
where,
N1 = sample size of group 1
N2 = sample size of group 2
SD: = standard deviation of group 1,
and,

SD, = standard deviation of group 2.
Equivalence testing waasoperformed to determine if aneaningfuleffect was presentising
thetsum_TOST(functionfrom the TOSTER librangnRs i nce Cohenoémointd by it
value susceptible to influence by large standard erftws equivalence bounds for the
equi valence testing wer-85tg0&tbecause it S thbthresbord fod e f f
medium size effectand in this caseraassumption is made thatredium effect size ithe
minimum effectneeded to be meaningfulhis benchmark method of determinibgunds was
chosenn the absence afther reasonable methodsikens(2017 mentions using benchmarks
asa method of last resorts, but other means they meodiola not be used here due to a lack of
needed informatiarSimilarly, the means dfetting bounds described by Limentani et al. (2005)
require prior knowledgand replicates not present in this stutliye mean differencginput into

the TOST _tsunmfunctionwerecalculated by multiplying the pooled deviationthys chosen
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minimum effect size of interesthough equivalence testing has historically been used primarily

in clinical settings to datd, is applicable in other fields of reseanthmentani et al., 2005)

Graphical visualization was performed in both Excel anBdR.Trials 13 only a minimeta

analysiswvas performedollowing Goh et alb €016)instructions( t h e C evdsealtidased d

as stated aboyéut equations-4.0 below are as they spedifyescribed belowthis was the only

study which had more than one replicate tfiaf)total dry weight and total chlorophyl The

Cohenodos Wrif@ar wa€ hconverted to Pearsonods

(Goh et al., 2016)

where,
r= Pearsonds correlation
d= Cohenods d
P = proportion of sample in group 1
Q = proportion of sample in group 2.
Fisheb stransformatiorto r, was therperformed onthe-v a | u e s u sfisher¢x)

function. The weightedneaneffect size was then calculated with Equation 7.

B
B

where,
i = weighted mean effect size,
N = sample size for given effect sjze

r, = Fishertransformed-.
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The weighted mean effect size was then converted back ihien intoa C o h -@atuéusingd

Equations 8 and 9 below

J— (8)

Q — 9).
Pl anetcal cbéds(@dnmune: cpal aunokwaswéddo obtantie®are n. d. )
for t-value for each trial anBquation 10 was used to finccambined summary-&core, which
was then converted back into a summamafue for the three trials combinading the
soscistatistics.com calculatori Qui ck P Val ue From Z Score Cal c
& g (10)
where,

@ = summary Zscore ,and

k = number of Zs combined.
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Chapter 3: Results
Section3.1. Preliminary Trials

3.1.1. Variability trials

The results of the variability trials assown graphicallycombined ira bar plot inFigure 4.

Only four points were able to be used from the first trial due to a dryinggviog negative
biomass value<Graphically, there appears to déargedifference between the systems.
However, the coefficient of variances were ®38d 0.39 for Trials 1 and 2 respectively.

These are less tharOD, the threshold for high variability, but higher than0@,3he threshold

for low variability. Overall, there is some unidentified factor or noise resulting in innate medium
variability among the systems. Relative to the mean, standard deviation is almost 40% of the
mean valuelt was exgcted that the valuegithin each trialwould be close to each other if not
exactly the same since the conditions were the same across all systems in bdilysteis.2 is

an outlier; this may be due to some unkndactore inhibiting its growth. For instance, the
inoculum introduced to that system may have had more dead cells. The inclusion of system 2

may also have raised the coefficient of variation beyond what it actually is.

2 3 4 5 6 7

Systems

10

dry weight (mg)
O = N W sy N 00 WD
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Figure 14: Variability trials combined resultshowing Dry Weight generated per system.
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3.1.2. Substrata experiment

Figurel5below show theesults oftrials 1 and 2 of theubstrata trials=igure 16 shows the
meangrams of biomass per square centimeter harvested in trial 3 of the substrata trials with
standard deviation bafsetting was eliminated from consideration after the first and second
trials. It is visually apparent from the graphs that felt had the most attachment on average at the
end of each ®&lay trial. From the trial 3 graphs, roughened fippeard¢o have thesecondmost
attachment.

Based on a oneay ANOVA performed irMicrosoft Excel,there was a significant
difference (pvalue = 4.94 x 10) between roughened film, unroughened film, and felt in trial 3.
A Tu k ey dMerosbfeEgcel showed significant differencéetween the amount of
attachment on felt versus the other substrata, but no significant difference between
attachment on unroughened and roughened Haowever, based on the graphical difference,
white polypropylene film roughened with P120 Power Sanding fdaparcrisscross motion
down the length of the substrata, twieeds chosen as the substratum.
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Figure 15: Substrata trials 1 and 2 results
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Figure 16: Substrata experiment trial 3 mean with standard deviation bars (RF = roughened

biomass per area (g/cm#2)

Fe

film, Fi = unroughened film, Fe = felt)

Section3.2. Artificial media trials

3.2.1. Trials 1-:3: The effect of Tallapoosa River water bacteria biofilm on attachment in low

nutrientconcentratiorsynthetic media

Out of the three trials (referred to here as Trial 1, Trial 2, and Trial 3 in the sequence they
were carried out) run using a bacteria community sourced from the Tallapoosa Ri¢étand
strengthfreshwater modifiedPraLine F/2, two had results that agreed with each other, but the
final one did not agree with either of them. Trials 1 and 2 both came out signifiezaltig=
0.0339 with CI1{0.00232-0.000123] and value =0.0285with CI[-0.00292-0.000232] for
total dry weight, but not for total chlgobyll a (p-value = 0.28 with CI[-11.9, 4.07 and pvalue
=0.207with CI[-35.4, 9.88). The final trialcame out significant for chlorophyd (p-value =
0.0290with CI[-75.4,-6.2( but not for dry weigh{p-value = 0219with CI[-0.00717,

0.002@]). Figure 2 and Figure 2 below show the mean total dry weight and chloropayll
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values for the three trials wisamplestandard deviatiobars(calculated separately for each

trial, not the combined values). Even though there is no statistical significance to support it, the
graph showshe samérend throughout all 3 triglthe mean values of both total dry weight and
total chlorophylla are consistently larger for the treated systems. Theaileo a trend of large
standard deviation from the mean. Thagentially indicateshat unspecified noise is distorting

the signal of the impact of the biofilm on the speed of attachamehthat the sample size is not

large enouglfior any effect to show through the distortion a significant level.

Trial 1 Trial 2 Trial 3
12

10

dry weight (mg)
(=]

control treated

Figure 17: Mean total dry weight for Trials-B of the Tallapoosa River biofilm in low nutrient

concentration synthetic media experiment with standard deviation bars (separate for each trial)
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Figure 18: Mean total chlorophyll a for Trials-B of the Tallapoosa River biofilm in low

nutrient concentration synthetic media experiment with standard deviation bars (separate for

eachtrial).

The Cohendéds d effect sizes for TG990k 1, Tr
total dry weight and 0.778, 1.21, aB@2for total chlorophylla respectively. These are all
greater than 0.500, making them large effect sizes. While they may be somewhat affected by the
large standard deviation, they also potentially support the theory that the trials are indeed
underpowered and needed more replicatiot o demonstrate the signifi«
impact.The results oéquivalence tests with equivalence bounds of@.50to d = 0.®0were
nonsignificant for all three trialsndicaing thatthe means between the treated groups and the
control goups are nogéquivalent regardless nonsignificanceand thatwe cannot reject the
idea that there is a meaningful effect supporting the | egi Themacy of
TOST results for the equivalence testeluding pvalues,can be viewed in full il\ppendix

E.4.1 For Trial 1, the lower TOST for total dry weight did come out significant, meaning that an
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effect more extreme thaf.500 (effects more extreme than medusized effects in the direction
of the control)can be rejecte®imilarly, based on fwalues < 0.5¢ffects more extreme than the
lower bounds could be rejected for both total dry weight and ¢biarophylla for Trial 2, and
for total chlorophylla for Trial 3.

The large width ofthenes i gni fi cant r es ulsasddicatveof i dence
the largeerroramong theesultsand that a true effect cannot be ruled dtiis is not unexpected
as the variability trials indicatetiat there exists an innate medium amount of varialaifitpng
the systems.

For Trial 2, system 9 leaked out and the chloropagata for system 1 was lost, so only
8 systems were included in the analysis of dry weight and 7 for the analysis of chloaophyll
During the harvesting process in Trial 3, the dry weight filter for system 3 was dropped, resulting
in its removal from analysis and only 8 systems being included in the dry weight statistical
testing. Systems 8 and 4 were also excluded from the chidr@dinalysis as a result of spilling
the harvest suspension and extraspectively, leading to asystem chlorophyla analysis.
These losses in sample size further reduced the power of the studies. While the trials test the
same condition, they are not exact replicas, with certain factors being different, which may also
be partially responsible for the variation in result

Because the chlorophydiresults do not agree with the dry weight results and the three
trials do not agree with each other, it cannot be conclfrdedeach individual triathat in low
nutrient concentration artificial media (specifically F/2) the Tallapoosa River bacteria biofilm
had an effect on the speed of attachment. The dry weight values cannot be taken as evidence of
an effect on their own without the chlorophgitonfirmation as there is no measure of the

bacteria and biofilm fraction of the hast.The chlorophylla valuesfrom Trial 3 could be taken
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as evidence of an effect on their own, but the lack of agreement between the trials prevents it.
Given the graphical trendhe large effect sizeand theequivalence test results, the presence of
an effect annotbe rejecteckither.Looking at eaclindividual trial separatelythe results are
inconclusive, withstrongevidencehat there is an effect presehat the studies are simply too
underpowered to detect.

However thefixed effectmini metaanalysisof the trialsyielded highly significant
results;for total dry weightand total chlorophyla respectivelythe combined summaryyalues
were6.90 x 10*and9.21 x 16 This confirms the likely presence of an effectRitizoclonium
spp.attachmenin the lownutrient synthetic media when substrata areipoeulated with a
Tallapoosa River bacteria biofilm

The average amounts of both measurements increase in general from Trial 1 to Trial 3,
which may be attributed to the difference in beginning average nutrient concentration, with
higher nutrient concentrations resulting in more biomass in general.

The SA ratio was also not significant for either total dry weight or total chloroglfigil
all three trialgin order for dry weight SA index:-palue = 0.4@ with CI[-8.10, 155] and d =-

1.37, pvalue = 0.630 with C4.59, 3.0]] and d = 0.36, and pvalue = 0428with CI[-1.34,

0.6349 and d =0.30; in order for total chlorophykh SA index:p-value =0.68 with CI[-151,

10.6] and d = 0.33, p-value =0.581with CI[-29.3, 184] and d = 0.4%, andp-value =0.876

with CI[-0.563 0.640 and d =-0.126). There was also high standard deviation for all measures
of the SA index, which can be seen by the large confidence intervalegqlivalence tests came
out nonsignificant, indicating we cannot reject the presence of a meaningful effect, but all the
effect sizes shown here are small, while the equivalence bounds werexsgttie any effects

lessthan mediums i z e d . I n ad d tvdluesaare diffetemt sign<for Hiffererdt sialsd
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and measuresndicating contrasting effect directions. Thigh standard error seems to be
obscuring the true signand unlike with theotal dry weight and total chlorophyl
measurements, there is not enough consistency to tease out aNsgmalg about the impact of
the Tallapoosa River bacteria biofilm on the attachment strendrhipbclonium sppn low
nutrient concentration synthetic media can be conclérded thesdrials. Additional graphs for
Trials 1-3, including SA index mean with stdard deviation bars charts can be viewed in

Appendix C.1.1including total chlorophyll pigments graphs for Trial 3 (it can be noted that the

total chlorophyll pigment results mirrored the total chlorophyksultsfor this trial, also
coming out significant with{value = 0.0302 and GE.71 x 16, -0.208 x 16)).

Observations of note are that in Trial 3, the filtrate was pink as opposed to the normal
clear and a considerable fraction of the attached biomass was brown, indicating potentially dead
algae which could lead to an underestimation of chloroghys seen ikigure19 below.The

cause of the pink color could not be identified.
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Figure 19: From left to right: Pink filtrate and substratum with mix of green and brown
attachment fronTrial 3 of experiment testing Tallapoosa River bacteria biofilm in low nutrient

synthetic media

3.2.2. Trial 4: The effect ofhe Tallapoosa River water bacteria biofilm on attachment in high

nutrientsynthetic media

Trial 4 tested the impact of the Tallapoosa River water bacteria biofilm on attachment in double
strengthfreshwater modifiedr/2 media.Both the measures of attachment, total dry weight and
total chlorophylla, were statistically nosignificant (pvalue = 0.648 with C#0.00262,

0.00174] ang-value =0.468 with CIf11.2, 5.71] respectivelyHowever,the confidence

intervak are wide, indicating a large standard earuat a lack of precisioffrigure D below

shows the mean total dry weight and mean total chlorophyllhe graphsshow a similar trend

to trials 13, with the mean of the treated group bdargerthan the mean of the

control group for both measuremeatsd the standard deviation being high.

20

18

Chlorophylla{ug)
o

control treated control treated

Figure 20: Mean total dry weight (left) and mean total chlorophyll a with standard deviation
bars for Trial 4: The effect of the Tallapoosa River bacteria biofilm on attachment in high
nutrient synthetic media
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The total chlorophyll pigments analysis showed the same result as the total chlcappityl
their being no significance {galue >> 0.05)T h e C o lefect sizes were 0.320 adb01

for total dry weight and chlorophyd respectively which are considered indicative of small and
medium effectsbutbased on equivalence tests with bound®d0to 0.90, we cannot reject

the possibility ofa more extreme effect for both (seependix E.4.Xor TOST results)Based

on these results, the trial wasmconclusive. It cannot be concluded that the biofilm had an

effect in the double strength F/2 or not, but the effect sizes and equivalence test results combined
with the graphical trend suggest that there is an effect prigsgrtannot be distinguished an

statistical level because of a large standard error from some unidentifiethecasse the study

is underpowered.

The analysis on strength of attachment also came owusigaificant for both dry weight
and chlorophylk (as well as total chlorophyll pigments, which confirms the chloroghyll
result) with p-values bein@.639 with CIf19.9, 13.1] an@®.817 with Q[-1.87, 2.29land d =
1.47(large effect sizeandd =-0.161 (small effect sizejespectivelythetotal chlorophyll
pigmentsSA indexalso had a small negative effect size amie norsignificant) The sign of
the effect sizemdicates an effect in the direction of the control group, as does the graphical
trend (see Appendicés 2candC.2f), whichshows the control group having a higher mean for
SA index, but extremely large error bafie equivalence tests also came outsignificant
meaning the possibility of significant effects as defined for this study cannot be rejéuatsd
Trial 4 was also inconclusive with regards to effect on strength of attachment, with some
indication that thestudy lacks enough replication to distinguish the true effect. Overall, more

trials with larger replication need to be carried out to distinguish any effect of the Tallapoosa
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River bacteria biofilm on attachment strength or speed in high nutrient synthetic media.

Additional figures and charts associated with this trial can be viewegdgandix C.2

3.2.3. Trial 5: The effect of Town Creek Park Water bacteria biofilm on attachment in low

nutrientsynthetic media

The impact of a biofilm formed from bacteria sourced from a Town Creek Park stream on

attachment in low nutrient concentrati@uarterstrengthfreshwater modifiedr/2) synthetic

media was teste@oth measures of attachment, total dry we{ghtalue =0.201 with CIf

0.0130, 0.00353]and total chlorophyla (p-value = 0180with CI[-109.5, 26.9]) were non

significant.In addition, the total chlorophyll pigment measurements were alssigaificant (p

value =0.188 with CIf4.00 x 16, 1.02 x 18]), confirming the results of the total chlorophyll
analysisThe corresponding Coheno5%23dndelf fl.27dartotali z es ¢
chlorophyll pigments), which are large effect sizes; furthernmeareivalence tests withounds

of -0.500to 0.30 and alpha = 0@) were nonsignificant, meaning that the presence of extreme

effects cannot be rejected andth&wo gr oups® means are not equi Ve
indicate the study needs more replication to tease out the sigeféaif The widths of the

confidence intervals also seems to supfius. Figure21 below showg the mean total dry weight

and total chlorophyla values; the large standard deviation badscate that the some

environmental static may be causing the effect to be unclear.
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Figure 21: Mean total dry weighfleft) and mean total chlorophyll @ight) with standard
deviation bars for Trial 5: The effect of Town Creek Park water bacteria biofilm on attachment
in low nutrient synthetic media

Theanalyses on strength of attachment also resulted wsigoificant resultsg-value = 0.379
with CI[-90.3, 46.0] for dry weight SA indeendp-value =0.385 with CIf12.2, 5.61] for
chlorophylla SA index and pvalue =0.445 with CI}4.19, 6.63]or total chlorophyll pigments.

The equivalence tests (s@ppendix E.4.For TOST resultsplso came out nesignificant,

indicating lack of equivalencb,ut t he Coheno6s indheemédiumimtargesi z e s,
range, contradict each other in terms of direction: they @@&&5, 0.727, aneD.846 for dry

weight SA index, chlorophyk SA index, and total chlorophyll pigments SA index respectively.
This may also be due the large standard error that is present, which is apparent from looking at

Figures22 below, which showthe mean with standard deviation charts for the SA indices.
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Figure 22: Mean dry weight SA (left), chlorophyll a (center), aatal chlorophyll pigments
(right) indices with standard deviation bars for Trial 5: The effect of Town Creek Park water
bacteria biofilm on attachment in low nutrient synthetic media

Trial 5 can be concluded to be inconclusive for both speed and strength of attachment,
though the results seem to indicate the possibility of an effect on speed of attachment that the
study is underpowered to detect on a statistically significant lewehghe high erroiThe
strength of attachment data shoveeth a high standard deviation and contrasting results, so that
there is no hint of a potential effect in either direct©ther figures and tables for this trial can
be viewed iMAppendix C.3

Other observations of note are that system 2 leaked out and system 8 was removed from
the analysis becaus& unknown amount of harvest solution was spilled. This reduced the
sample size from 9 to 7 (3 control and 4 treatment systems), which may also have contributed to
the inability to fully distinguish any effects potentially preséniring the harvest process, blue

filtrate was also produced by some of treated systems; the constitution of this is unknown.

3.2.4. Trial 6: The effect of Town Creek Park water bacteria biofilm on attachment in high

nutrientsynthetic medi

Trial 6 tested the impact of the Town Creek Park water bacteria biofilm when ¢urérigth

freshwater modifiedr/2 was used as a medizue to a drying error, no dry weight data is
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available for this triglso the only analyses performed were on chlorohgiid total

chlorophyll pigmentssystem 1 was excluded from the analysis due to spillage of the strongly
attachediomassextract reducing the sample size to 8, 4 treated and 4 control syStbes

results came out nesignificant for both measurements\(glue =0.242 with CIF0.0592,

0.0182] for total chlorophyk and pvalue =0.236 with CIf2.18, 0.656For total chlorophyll

pi gments) . However , O9i8and(C.83h ferrtodabchlatoplegfadidéotalt s i z e
chlorophyll pigments respectivelgre large ones and tkequivalence tests came out Aon

significant (seé\ppendix E.4.4or TOST results)indicating the means of the control and

treated groups are not equivalefttese along with the large width of the confidence intervals
seems to indicate thdte study is underpowereigure23 below showg the mean total

chlorophylla and total chlorophyll pigments values for each group with standard deviation bars.
Both show large error bars, which supports the idea that there is not enough replication for any
effect to show through the noisehe mean of the treated group is also larger tihainof the

control group, which coincides with the sign of the effect gjgesitive indicating an effect

towards the treated group)
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Figure 23. Mean total chlorophyll a (left) and medotal chlorophyll pigments (right) with
standard deviation bars for Trial 6: The effect of Town Creek Park water bacteria biofilm on
attachment in high nutrient synthetic media
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The trial was inconclusive for speed of attachment, but there is evidence to suggest that the high
standard error and lack of power are contributing to masking a true effect.

The grength of attachmermnalysissimilarly came out nossignificantfor both measures
with p-value = 0.762and CIF25.3,19.5] for chlorophyl& SA index and pralue =0.578 with
Cl[-24.6, 40.3] for total chlorophyll pigmentdowever, thalirection of theeffect sizes
contradict each othdéd = 0.224 and0.416for total chlorophylla SA indexand total chlorophyll
pigmentsSA indexrespectivelyas do the charts of the means shown in Figddgelow. Thus,
even though thequivalence tests came out rgignificant for the SA indices as well, it is not
possible to discern any potential effect in either direatioto say that increasing replication

might reveal an effect.
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Figure 24: Mean total chlorophyll a (left) and mean total chlorophyll pigments (right) SA indices
for Trial 6: The effect of Town Creek Park water bact&i@film on attachment in high nutrient
synthetic media

Additional graphs associated with Trial 6 can be viewesidpendix C.4.
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Section3.3. Aquaculture waste trials

3.3.1. Trial 7: The effect of Town Creek Paskeambacteria biofilm inhalf-diluted, filtered

aquacultu re wastgater

Trial 7 tested the effect the Town Creek Park water bacteria biofilm has on attachment when
filtered fish wastevater(assumed to possess no or minimal native bacteria as a result of

prol onged sdiluted ta lgastreadth isdusell as the medath thetotal dry weight
(p-value =0.249 with CIF0.000461, 0.0001418nd total chlorophylé (p-value =0.597 with

CI[-4.11, 2.81}fesults came out nesignificant but withhigh and low effect sizes of d = 0.843

and d =0.651 respective\Similarly to total chlorophylh, the analysis of total chlorophyll

pigments revealed no significance@ue =0.710 with CIf131, 101]), but it also showed a

large effect size af.38.The equivalence test results came outsignificant (seeé\ppendix

E.4.5for TOST results), indicatingthath e contr ol and treated group
For speed of attachment, Trial 7 is inconclusive because the study is underpowered. The sign of
the effect sizes and the means ofgh@ups for both measures, as seen in Figaigelow

indicate that if an effect does exist it exists in the anticipated direction, with thedrgat

resulting in higher attachment/a higher megme high erroespecially for total chlorophy#)

as indicated by the large standardidgon barsmay be obscuring the true effect.
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dry weight SA index

Figure 25 Mean total dry weight (left) and mean total chlorophyll a (right) with standard
deviation bars for Trial 7: The effect of Town Creek Park water bacteria biofilm on attachment
in medium dilution of filtered aquaculture wastewater

The SA indices also came out naignificant (pvalue > 0.5 for all measureahd with non

significant equivalence tests indicating requivalencebuttheyhad onf I i ct i ng Cohen
effect sizes and extremely | adliealageeffeatssze The
indicating an effect on strength of attachment in the direction of the control groupthvehiteal
chlorophylla and total chlorophyll pigmentsad d =0.173 and d 9.305respectivelyindicating

a small effect but in the opposite directibarge standard deviation bars can be viewed in

Figure26 below, which showthe mean values of the SA indices.
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Figure 26: Mean dry weight (left)chlorophyll a (center), and total chlorophyll pigments (right)
SA indices with standard deviation bars for Trial 7: The effect of Town Creek Park water
bacteria biofilm on attachment in medium dilution of filtered aquaculture wastewater

Trial 7 is also inconclusive for strength of attachmenttiheitargesrror and contrasting results
render it impossible to determine what direction a potential effect may be inngoren

replication.Additional figures and tables for this trial can be viewedppendix C.5

3.3.2. Trial 8: The effect of mixed bacteria biofilm in heavily diluted, unfiltered aquaculture

wastewatewith reduced slope

This trial tested the effect of the mixed bacteria (Town Creek Park and Tallapoosabiifiien)

on attachment when the media was unfiltered aquaculturewasteliluted toquarterstrength
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with dechlorinated tap water and the slope was decreased tdd2éty weight data is available
for this trial due to a drying error. However, the tafalorophylla data weresignificant (pvalue
=0.0417 with CH3.74,-0.0952]) and had a large effect size (d = 1.67) and ssigmnificant
equivalence test result, indicating that the significance is practical as well as stalfibgdaital
chlorophyll pigments data was not significapivalue = 0.0586 with CiL31, 3.05]); however,

theeffect size$ high (d = 1.51and the equivalence tgskeeAppendix E.4.6or TOST results)

came out nossignificant indicating norequivalence of the means of the treated and control
groups. It can also be seleam Figure27 below, which shows the mean total chlorophyli

pigment values for each group with standard deviation bars, that there is a high error.
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Figure 27: Mean total chlorophyll pigments for Trial 8: The effect of mixed bacteria biofilm in

heavily diluted, unfiltered aquaculture wastewater with reduced slope

The mean of the treated group is still higher than the mean of the control group, and the

confidence intervak large It can then be said that the difference is caused by standard error and
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the study is too underpowered to discern the effect through the total chlorophyll pigments
measurementt can also be concluded that the mixed biofilm had a positive effect on speed of
attachmenbased on the total chlorophglanalysis.

Both the chlorophyla SA index and the total chlorophyll pigments SA index came out
nonsignificant (pvalues=0.739 and 0.388spectively and had very broad confidence
intervals (-7.41, 5.51] and-[L3.9, 6.68respectively), indicating large error but also a potentially
large effectthough the effect sizes themselves were alternately 9o283) and medium
(0.571) Equivalence tests for both also came out-sigmificant,suggestig a meaningful effect
cannot be rejected. Overall, the strength of attachment analyses were inconclusive due to lack of

power.Additional charts and figures for Trial 8 can be viewedimendix C.6§.

3.3.3. Trial 9: The effect of mixed bacteria biofilm in undiluted, unfiltered aquaculture

wastavaterwith reduced slope

Trial 9 testedtheni x ed bacteria biofil més effect on att
wastavaterwhen the slope was set at 2B6r this trial, three treatment systems leaked out, and

one control system was removed from the trial to even out the numd@using the sample size

to 6. System 4 was not included in thatal chlorophylla analysisbecause the extract was lost.

No chlorophylla andchlorophyll pigment$SA indexanalygs wereperformed due toot having

enough usable datBoth measureentshad norsignificant results, withqvalue = 0.0656 with

CI[-0.0210, 0.00103] for total dry weight ane/@lue =0.205with CI[-80.3, 23.§ for total

chlorophylla. Howevert hey had high and medium Cohends d
respectively (total chlorophyll pigments had an effect size of, 4hbugh it was also nen

significant, with pvalue =0.254 and CH103, 39.8]) and the equivalence teg¢teeAppendix

E.4.7for TOST resultsgame out nossignificant, indicating that we cannot dismiss these effect
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sizes asnere inflation from high standard error. The standard error is h@hever as seen in

Figure28 (total dry weight and total chlorophydimeans for each group) below, which may be

preventing
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Figure 28: Mean total dry weight (left) and mean totdlorophyll a (right) with standard
deviation bars for Trial 9: The effect of mixed bacteria biofilm on undiluted, unfiltered
aquaculture wastewater with reduced slope

show

It can also be seen though that in both cases the means of the treated groups are higher than the

means of the control groups, matching the direction the signs of the effect sizes.ifidieate

width of the confidence intervals also hints at the possibility of a large effect.

Thedry weight SA index came out neagnificant p-value = 0.210 and G2.13, 7.09])

| t 6s

Co h e n 6-5.22,ds laggk dnéd indicates anzeHfect in the direction of the control

groupand matching the skew and broad range of the confidence intégralalence testing on

the dry weight SA index also came back +significant indicating norequivalenceOverall,

Trial 9 was inconclusive for both speed and strength of attachment, but based on the equivalence

test results, large confidence intdsyand effect sizes, it can be inferred tinat study is

underpowered to discern the signal of any effect through the larggoesantOther charts and

figures from this trial can be viewed Appendix D.7
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3.3.4. Trial 10: The effect of mixed bacteria biofilm in medium diluted, unfiltered aquaculture

wastavaterwith reduced slope

Trial 10 tested the mixed bacteria biofil mos
wastavaterdiluted to halfstrength with sodium thiosulfateeated tap water was used as the

media and the slope was set at B¥stems 5 and 8 leaked out and were not included in the trial,
reducing the sample size toSystem 8 was also excluded from the SA index analps#h.the

total dry weight and total chlorophydiresults were nosignificant (the total chlorophyll

pigments results were also nsignificant p-value >> 0.0%, with p-values 0f0.784 with CIf

0.0321, 0.0256] an@.513 with CIf147,83.6 r especti vely, an@22Cohenods
(small) and 0.537 (medium). The difference in effect sizes for the measures seems to indicate

heavy influence by standard error, especially since the confidence interval for total chlcaophyll

is wider than that for total dry weight. Howevere thquivalence tests for both measuresew

nonsignificant, indicating that meaningful effects cannot be rejgseeAppendix E.5.8or

TOST results)Figure29 below shovg the means of the two measures for the two groups

including very large standard deviation bars.
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Figure 29: Mean total dry weight (left) and mean total chlorophyll a (right) vetiZndard
deviation bars for Trial 10: The effect of mixed bacteria biofilm in medium diluted, unfiltered
aquaculture wastewater with reduced slope
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However, the means of the control group is less than that of the treated group in both figures. It
can thus be said that for speed of attachment, Trial 10 was inconclusivenduenmugh
replication.

The SA indices for all measures also came outsignificantfor standard null
hypothesis testinp-value >> 0.05) but witlnon-significant equivalence tesamd withwide
confidence intervals {108, 70.0] for dry weight SA index andtft.4, 78.0] for chlorophyk SA
index]). The width of the confidence intervals indicates both large error and potential for large
effectsT he Co h e n 6 s codtradicedcheother0.479 far drg weight SA index and
1.07 for chlorophyla SA index. The former suggests a small effect in the direction of the treated
systems, while the latter hints at a large effect in the direction of the control syBhenstudy
is inconclusive for strength of attachment as well, and there is no way to discern if an actual

effect might be present or in what direction given more pofaditional figures and charts are

in Appendix C.8

3.3.5. Trial 11: The effect of mixed bacteria biofilm in heavily diluted, unfiltered aquaculture

wastavaterwith heavily reduced slope

Trial 11 tested the effect of the mixed bacteria biofilm on attachment in a quarter dilution of the
fish wastevaterwhen the slope was reduced to B6th the total dry weight and total

chlorophylla results showed no statistical significance; the total chlorophyll pigments analysis
also resulted in no significance, confirming the total chloropgdisult. The pvalues were
0.724with CI[-0.00304, 0.0022340.628 with CI f20.1, 14.], and 0.620 with CH725, 506 for

total dry weight, total chlorophyd, and total chlorophyll pigments respectivetiowever, the
confidence intervals are large, indicating both large error and the potential for large effects,

which is given further credence by ttaet that the equivalence tests for the measures returned a
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result of no significanc€lfOST results iMppendix E.5.9, indicating that the possibility of large

effects cannot be rejected, though the Cohenbd
for total dry weight, total chlorophyd, and total chlorophyll pigments respectively)can also

be seen fronfrigure30, which shovg the mean total dry weight and total chloroptailalues

(total chlorophyll pigment charts can be viewed\ppendix C.%along with other charts and

figures for this trial) that the mean of the treated group is higher than the mean of the control

group for both measureshe standard deviation bars are large, which may be contributing to

masking any true effect that may be present.
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Figure 30: Mean total dry weight (left) and mean total chlorophyll a (right) with standard
deviation bars for Trial 11: The effect of mixed bacteria biofilnattachment in heavily diluted,
unfiltered aquaculture wastewater with heavily reduced slope

The SA indices results were also msignificant (pvalue = 0.159 with Ci3.72, 0.950],
0.0522 with CIf3.28, 0.028], and 0.0712 with G335, 0.248] for dry weight SA index,
chlorophylla SA index, and total chlorophyll pigments SA index respectively. The effect sizes
were large (1.30, 2.18, and 1.93 respectively) which, along wittsigmificant equivalence
tests, indicates that the study is underpowered to detect any effect that megede. pHowever,
seeing the mean values of the dry weight androphyll a indices inFigure31 below, it is
apparent that the mean of the treated group is higher than the mean of the control group for both

measures, though there is high error.
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Figure 31: Mean dry weight (left) and chlorophyll a (right) SA indices with standard deviation
bars for Trial 11: The effect of mixed bacteria biofilm on attachment in heavily diluted,
unfiltered aquaculture wastewater with heavily reduced slope

Trial 11 was inconclusive for both speed and strength of attachment. However, there is
evidence that indicates that there may be an effect present obscured by high standard error that

the trial was too underpowered to detect on a statistically signifeasit

3.3.6. Trial 12: The effect of mixed bacteria biofilm in heavily diluted, unfiltered aquaculture

wastevater

Tri al 12 tested the mixed bacterigsrength of i | més
dilution of unfiltered aquacultun@astewateand a 3% slope were used. There is no dry weight
SA index analysis for this trial. In addition, certain negative total dry weight values were
converted to O for this trial under two assumptions: one, given the lack of visible biomass on the
filters, it is believale that the value is 0 and that the negataieiecomes about as a result of a
balanceerror, and two, that #se negatives were in the fourth decimal place, which represents
the highest precision thmlanceused possesses, and were close to 0.

The ptal dry weight values came out significant, withhgdue = 0.0174 and GI).00278,
-0.000372], and the Cohenbt6és d effect size was

well as statistically significant. The equivalence test for total dry htégpeAppendix E.5.10
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for Trial 12 TOST results) also came out rggnificant, indicating that the effect size is large
simply because of the standard error.

Contrary to this, the total chloroph@lmeasurements (and the total chlorophyll pigments
measurement®-value = 0.147 with Cip.970, 0.184)] came out nossignificant, with a pvalue
of 0.143 and CH0.0274, 0.00504However, the equivalence test for this measure came out non
significant, and the effect size, 1.19, was large, indicating that the study may simply be
underpowered to detect the effgdthe total chlorophyll pigments data was similarly fion
significant, but with a large effect size and rsgnificant equivalence test&jgure32 shows the
mean total chlorophyk values for each group; it can be seen that the mean of the treated group
is higher than the mean of the control group and that there is high standard deviation, which

supports this theory.
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Figure 32 Mean total chlorophyll a for Trial 12: The effect of mixed bacteria biofilm on

attachment in heavily diluted, unfiltered aquaculture wastewater
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Since dry weight measurements cannot be taken as proof of an effect on their own given the
bacterial fraction is unknown, Trial 12 is inconclusive for speed of attachment, but there is
reason to believe that further testing with more replicates is wadrante

The SA indices also came out nsignificant(p-values= 0.526 with CI{52.6, 30.5] for
chlorophylla and 0.867 with CH65.5, 57.0] for total chlorophyll pigmeni$ut with effect sizes
that are medium (d = 0.520 for chlorophgjland on the high end of small (d = 0.437 for total
chlorophyll pigmentsand nonrsignificant equivalence tests.can be seen iRigure33, which
shows the mean values of the SA indices, that the mean of the treated groups is higher than the

mean of the control groups, but there is a very large error.
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Figure 33: Mean chlorophyll a (left) and total chlorophyll pigments SA indices for Trial 12: The
effect of mixed bacteria biofilm on attachment in heavily diluted, unfiltered aquaculture
wastewater

Trial 12 can be concluded to be inconclusive for strength of attachment as well due to being
underpoweredOther figures and tables associated with this trial can be viewegbiandix
C.10

Environmental measurements, including full nutrient measurerrfentsl! trialscan be

viewed inAppendix D The schedule on which the main experiments took place can be viewed

in Appendix E.2
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Section3.4. Nutrient analyses

Due to the small scale of the systeansl the short trial durations, large shifts in nutrient
concentration over the course of the trials@not expected. Significant differences in nutrient
removal between the control and treated systearsaiso not anticipated.he results were as
expected for phosphate and ammamith a few outliersHowever, nitrate increased from the
beginning to the end of the trial for all synthetic mediagridlitrite alsoincreasedor all
aquaculture waste trial$he increase may be due to the presence of nitrifying and denitrifying

bacteria and organic matter from decomposing portions of the algal inoculum.

Section3.5. Bacteria community analysis

The most common phyla, classes, and genera identified in the represeniatol@al samples
sent off are summarized Fgures 5355 below, with the yaxis in each figure representing the
percentage of the total community each phylum (Fig@yedass (Figure 8, and genus (Figure

54) represents.
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Town Creek Park Mixed community Tallapoosa River algae inoculum aquaculture waste synthetic media mixed community
stream community Trial 16 community background background background Trial 13

community community community

W bacteroidetes m streptophyta m acidobacteriota W cyanobacteriota

M actinobacteria M actinomycetota W bacteroidota M cyanobacteria

M eukaryota H chlorophyta M verrucomicrobiota W planctomycetota

u chloroflexi gemmatimonadota W oomycota M planctomycetes

B myxacoccota M pseudomonadota/proteobacteria W bacillota/firmicutes

Figure 34: Phyla identified as belonging to each microbial community tested
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Town Creek Park  Mixed community  Tallapoosa River algae inoculum  aquaculture waste  synthetic media  mixed community

stream community Trial 16 community background background background Trial 13
community community community
M opitutae M erysipelotrichia M gemmatimonadetes M terriglobia M bacteroidia
M clostridia MW actinomycetes M sphingobacteriia B chitinophagia M deltaproteobacteria
W betaproteobacteria  Wthermomicrobia m terrimicrobiia m thermoleophilia w cyanobacteria
planctomycetia m actinomycetia W myxococcia m phycisphaerae m gammaproteobacteria
W bacilli M alphaproteobacteria M cytophagia B flavobacteriia M cyanophyceae

Figure 35: Classes identified as belonging to each microbial community tested
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W salinibacterium | fimbriiglobus reyranella enterococcus W telmatobacter W obesumbacterium M nostoc
B stenotrophobium W janthinobacterium M clostridium W gemmobacter W massilia W marispirillum sediminibacterium
hyphomicrobium aquimonas fluviicola phenylobacterium medaphobacter W buchnera W miltoncostaea
W aureliella W roseibacterium M parasphingopyxis pseudolabrys rickettsia rhizobacter klebsiella
panacagrimonas fuscibacter W tabrizicola m planctomyces W aeromonas m thermogutta W pectobacterium
W posidoniimonas m hydrocarboniphaga telmatocola desmonostoc candidatus thioglobus solirubrobacter phormidium
m mucilaginibacter mvulgatibacter m candidatus babela o leifsonia mlysobacter W variovorax aestuariivirga
bacillus exiguobacterium cyanobium sphaerobacter sediminicoccus mimtechium W vicingus
paraclostridium altericista m allokutzneria ® novosphingobium mundibacter W lacunisphaera W pseudescherichia
W wolbachia M flavobacterium M blastomonas M curvibacter lysinimonas anaerorhabdus acinetobacter
romboutsia metabacillus W rhizobium | calothrix W pygmaiobacter m erythrobacter m fictibacillus
M solitalea hathewaya delftia xanthocytophaga herbaspirillum lacibacter woodsholea
W terrimicrobium W acidovorax W peribacillus W azospirillum W romeriopsis W gemmatimonas ® cyclodasticus
leptolyngbya lacihabitans rahnella phnomibacter bauldia W daejeonella M algisphaera
M protaetiibacter W methylotenera M candidatus odyssella B paenibacillus nevskia mycolicibacterium pseudomonas

Figure 36. Genera identified as belonging to each microbial community tested

Pseudomonadata, also known as Proteobactemnaprised large component of the microbial
communities analyzed. In fact, members of it made up the largest portion of all the communities,
except for the algae inoculum background communityst dominant was Cyanobacterii)
which it was the second most dominant phyliMembers of the phylum proteobacteria have
been found to be capable of facilitating microbial attachment prior to biofilm formation
(MhedbiHajri et al., 2011; Qian et aR023. Battin et al. (2016alsoidentifiedit as one of the
two dominant phyla commonly found in stream biofilmighe phylum Bacillota/Firmicutes was
the second most dominant among all the commuretieept the background aquaculture
wastewater and algae inoculum communities, which had Bacteroidota and
Proteobacteria/Pseudomonodata as the second most dominant phyla resp&bgvadytions
comprising Bacillota and Firmicutes can thus be considered one portion.

Battin et al. (2016) also identified Firmicutes as a phylum common to stream biofilms,
while Qian et al. (2023found both Firmicutes and Proteobacteria to be two of the three most

dominant phyla present in the raw soy sauce wastewater bacterial community used in his
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communities prior to algal biofilm formation, though Proteobacteria completely dominated the
biofilm by the end of thie experimentsTheir research found that the bacteria promoted algae
attachment. Members of the phylum Bacteroidota were not present in as large amounts in the
mixed bacteria communities as they were in the other communities.

Common classes identified were gamraad betaproteobacteria, which are also common
proponents of stream microbial assemblagssudomonas sppvhich are known biofilm
producers, were also noted to be present in the Tallapoosa River and mixed bacteria
communitiesBacilli is also among the top three common genera identified for the mixed
bacteria community, and several species of the genus are known to be able to produce biofilms
(Vlamakis et al., 2013)The members of thmicrobialcommunities used, and even the
background bacteria, seem to lend themselves to the formation of biofilms such as the ones
common in stream environrmentsh e communi ti es® presence shoul c
effect on algae attachmeiithe three most commdamilies,classesand genera for each
community are summarized in Table 3, with 1 indicating the most common.
Table3: Three most dominari&amilies,classesand genera for main and background microbial

communities

Tallapoosa  Town Creek Mixed Algae Fish waste Synthetic
River Bacteria Park streanm community inoculum background media
bacteria bacteria background bacteria background

bacteria bacterial

Class | Gammaproteoll Gammaproteolf Gammaproteolf Cyanophyceaq Betaproteobacl Gammaproteol

1 acteria acteria acteria eria acteria
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Famil | Pseudomonad Hafniaceag Pseudomonad| Prochlorococcg Methylophilace| Moraxellaceag
yl ceae ceae and ceae ae
Enterobacteriac
eae
Genus| Pseudomonaj Obesumbacten Klebsiella and Cyanobium| Methylophilus| Stenotrophomd
1 um| Pseudomonas nas
Class Clostridia Clostridia Bacilli Cytophagia| Alphaproteobe Bacilli
2 andClostridia cteria
Famil | Peptostreptoc( Yersiniaceag Clostridiaceag Amoebophilaci Xanthobacteras Bacillaceas
y2 ccaceae and eae eae
Xanthomonads
ceae
Genus| Paraclostridiu Rahnella] Stenotrophomg Candidatug Pseudolabryy Lysinibacillus
2 m nas and amoebophilug

Paraclostridiu

m

95



Class Bacteroidia Bacteroidia Clostridia| Alphaproteobg Planctomycetig Clostridia
3 andBacilli cteria
Famil | Dysgonomong Peptostreptoc( Peptostreptoc( Scenedesmacg Comamonada( Xanthomonada
y3 daceae ccaceae ccaceae an( e eae ceae)
Pseudomonad
ceae
Genus | Dysgonomonag Paraclostridiul Pseudomonay Leptolyngbyal Mycobacteriu Bacillus
3 m and m
Clostridium

Stenotrophomonasas the most common genus found in the background synthetic media

community. The species in this genus are known to be very versatile, playing important roles in

the nitrogen and sulfur cycles and shielding plants and encouraging their devel{iRyaenet

al., 2009) Their inclusion in a biofilm could offer similar protection to algae cells as well as

transforming nutrients into uptakeable formethylophilusvas the most common genus in the

background aquaculture waste community. Members of this genus can process methanol and use

it as an energy sour¢@enkins et al., 1987Though it is assumed that the living bacteria

community in the fish waste is dead or minimal, its presence is still interesting

There are two entries for some of the classes and genera for the mixed bacteria

community because the two samples sent off did not agves. though the genera for Trials 16

and 13 differed, indicating that there were changes in the mixed bacteria communities in trials,
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the dominant phyla and classes are similar, indicating the community overturn was not
significant.Note that though bacteriaaneidentifiedas being present the fish waste, these
results do not indicate thiating cells were presenés identification procedures can be
performedon dead cells.
Pie charts representing the classes present in each of the tested samples can be viewed in

Appendix E.5

97



Chapter 4: Discussion andConclusions

The literature indicates that the presencbeasfeficialbacteria biofilms should result anpositive
effect on algae attachmei@awne et al., 1998; Hodoki, 200®)nly two trialsout of twelve

agreed with it on a statistical lev@hese trials were the weakest dilutions (1/4) of synthetic

media and aquaculture waste. The effect on attachment may have been stronger in these trials,
and thus more likely to show through the noise, because the algae and bacteria, both collected
from natral environments that typically do not have high nutrient concentrations, are more
acclimated to lower nutrient concentrations. The higher concentrations may have led to a shock
likeef fect. Graphical trends, equivalence test
though that in the otheentrials, an effect is present, but muffled by the noise, though nothing
can be concluded from these rsignificant result trialsHowever, statistics also indicate that an
effect on the speed of attachment may be present tenieconclusive trial{seeTable 4below

for summary otrial result3 butmuffled by noise causing large standard deviation.

Table4: Summary of trial results

BACTERIA MEDIA [ DILUTION [ SLOPE TESTED | STATISTICALLY RESULT
SOURCE (%) | PARAMETER |  SIGNIFICANT

TALLAPOOSA| PROLINE Ya X 3 LOW | YES (COMBINED, POSITIVE

RIVER F/2 NUTRIENT NOT EFFECT ON|

SYNTHETIC INDIVIDUAL) SPEED OF

ATTACHMENT
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TALLAPOOSA PROLINE 2X 3 HIGH NO | INCONCLUSIVE
RIVER F/2 NUTRIENT
SYNTHETIC
TOWN CREEK PROLINE Ya X 3 LOW NO | INCONCLUSIVE
PARK F/2 NUTRIENT
SYNTHETIC
TOWN CREEK PROLINE 2X 3 HIGH NO | INCONCLUSIVE
PARK F/2 NUTRIENT
SYNTHETIC
TOWN CREEK FISH Yo X 3 MEDIUM NO | INCONCLUSIVE
PARK WASTE DILUTION
(FILTERED) FISH WASTE
MIXED FISH Ya X 2 HIGH YES POSITIVE
WASTE DILUTION EFFECT ON|
FISH WASTE SPEED OH
ATTACHMENT
MIXED FISH NONE 2| UNDILUTED NO | INCONCLUSIVE
WASTE FISH WASTE
MIXED FISH YoX 2 MEDIUM NO | INCONCLUSIVE
WASTE DILUTION
FISH WASTE

99



MIXED FISH 1/4X 1 REDUCED NO | INCONCLUSIVE
WASTE CHANNEL
SLOPE

MIXED FISH 1/4X 3| INCREASED NO | INCONCLUSIVE
WASTE CHANNEL
SLOPE

A statistically significant effect on speed of attachment appeared inahtesting 2%

slope in combination with the mixed bacteria biofiitnd a quarter dilution of aquaculture waste,

but not in the trials also testing the mixed bacteria biofilm and a quarter dilution of aquaculture

waste, but with 1% and 3% slope. However, the graphical indicators of the treated group having

a higher meathan the control group but high standard deviation were still present, and the

equi val ence

tests

based

0 RO.500dowrb@ sverestilln@o he n 6 s

significant, irdicating an inability to reject the chance of a statistical effect given more power. If

an effect was truly not present in those cases, it may be due to the change in flow regime.

Decreasing the slope increases the wetted perimeter and reduegdrthdic retention time, and

channel velocity; while this may lessen the likelihood of shear stress removing cells before they

are permanently attached, it also lowers the amount of cells and nutrients passing through the

channel in a given time. Increagithe pe has the opposite effects on wetted perimeter,

hydraulic retention time, and channel velocityalso increases the shear force applied to the

attached cells but raises the speed at which nutrients are brought taithetral. (2016)when

studyingStigeoclonium sp@ndKlebsormidium sppfpund that higher flow rates resulted in
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improved biomass growth and nutrient removal, but they also reduced FGA dominance in
outdoor ATS systems, likely due to the shear stress breaking the algal filaments.

In the case that the effect wiagt presenin the other trials where resuligrenot
statistically significantpossible reasons inclug@empetition between the microbes for nutrients,
production of algicidal products, otherunknownspeciesspecific interactionsThe bacteria
communities tested, though similar in terms of some phyla and classes, still had differences, and
strains from the same genera have been known to have different effects on different algae strains

(Belenova et al., 2017).

Section4.1. Conclusiors

Five findingscan bereported There is evidence to believe that the presence of a Tallapoosa
River biofilm, dominated by geneRseudomona$araclostridium andDysgonomongscan

lead to fasteRhizoclonium sppattachment when a quarter dilution of F/2 andA&S channel
slope of 3% are used. There is also evidence to believe that the mixed bacteria biofilm,
dominated by the geneRseudomonaslostridium StenotrophomonasndParaclostridium

has a positive effect on attachment speed when a quarter dilution of fish waste araf 2kip
are the parametershis study wagenerallyunderpowered and requires further testing.
future,when researching this topic, it may be of benefit to perform a power analysis prior to
starting. However, this may be difficult, as it requires estimating the expected population effect
size, which can most easily be done by looking at similar studieg)iol there are only a few
at the scale used in this reseatabwering the nutrient concentration had a positive effect on

speed of attachment, while changing slope by 1% increments had no effect.
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Section4.2. Limitations of the research

One major limitation of the research was the noise associated with the procedures and systems
used. Standard deviation was high for every trial, particularly for the chloraptgth. This
noise may originate in the methods. More precise methods, such as sonication for harvest of
strongly attached biomass to ensure all the EPS has been removeghaperformance liquid
chromatographyHPLC) for chlorophylla analysigSantos, 2003; Wright et al., 199hpy
remove some of the noise. More replication &xrad iterationscould also have helped reduce the
impact of outside interference had time not been a constraint since the small, uneven samples
sizes themselves could have introduced some error. Based on the variability trials, it can also be
said that there is inhereptinoderate variability among the set of systems in theseised,
along with the inherent variability that comes with working with biological enfjtresigh the
variability trials alsaneed to be repeated for a more accurate variability mea3inexe are
many possible sources of error that could have been identified and removed given more time for
testing of the systems

Another potential source of noise may have been contamination. While the lids on the
systems themselves and the lids of the reservoirs were intended to reduce spitetieidg
contamination between systems, elimination of air travel of bacteria betweeenahnels as
spores could not be confirmed. In hindsight, separation from the treated systems and/or complete
isolation of the control systems may reduce the possibility of contamination. Another option
would be to control bacterial invasion of the cohtiystems through an antibiotic treatment
regime. As to the potential effects of this possible contamination on the experiments described in

this work, while it is not impossible for a bacteria biofilm to have developed over the course of
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the trial, the effect of the treatment should still have been evident in some fashion. Any bacteria
biofilm developed in the control systems would have been lesser in density.

The literature (Hodoki, 2005) suggests that a thicker biofilm and greater bacteria density
are correlated with faster attachment. If the bacteria biofilm interacts with the algae in an
attachmenstimulating manner, then the increased density of the miafilthe treated systems
should haveesulted ingreater attachment than in contaminated control systéaveever,
contamination could have reduced the mean difference between the control and treated systems,
causing the effect to not appear on a statistevel.

It was also not verified that the entire roughened surface of the substrata were evenly
inoculated by the biofilm, which could lessen the area of interaction between the bacteria and
algae. The estimation of the biofilm mass at the beginning of thewals rough estimate that
comes with three important notes. Firstly, parti¢ksall bioflocs and nutrient broth powder that
stayed after the liquid portion driefipm the nutrient broth that were not attached could still
cling to the subsample stripgstbrting the final measurements. Secondly, when the water first
hit the actual substrata in the systems, loosely attached EPS may have been removed by the
sudden flow. Finally, the biofilm amount is variable throughout the trial; it grows and sloughs
off, so the final biofilm mass would be different than the initial estimated ambloatotal
fraction of biomass contributed solely by the bacteria could not be verified completely
accuratelyThough measures were taken to roughen the substrata in a anailaer, it was not
confirmed that roughness was equal for each substratum. Measuring the roughness of each one

could help verify that there was no significant difference in roughness adding to the noise.
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Chapter 5: Potential Future Work

There is potential to improve and expand upon this research. Because {zdgteriamteractions

are so speciespecific, there is room to study the effects of bacteria communities sourced from
other locations. Alternatively, future research could be magdoo study the impact of specific
strains known from prior investigation to produce biofilms. Many environmental variables have
significant impact on algae development. This research only explored the effect of two, flow
regime and nutrient concentratjon a limited range. Future research could expand on this by
testing the impact of different flow and nutrient conditions, as well as other parameters, such as
light cycle and intensity, temperature, and pH in conjunction when a bacteria biofilm istpresen
There is also a need to study how agxesting bacteria biofilm interacts with the microbial
community inherent to the fish waste, which was not present in the effluent used in these
experiments. In the trials performed, no attempt was made to el@mimintroduction of the
background laboratory bacteria under the assumption that since outdoor systems are also exposed
to outside bacteria that may interact with an introduced biofilm, it was important to include the
potential for similar interferendeere. However, a study excluding it may elucidate more on the
role of the bacteria biofilm by itself.he experiments performed here could be repeated for the
sake of performing mini metanalyses on the individual trials. There is also room to perform

up<aled experiment©verall, there is considerable basis for further study of this topic.
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Appendix A: System Design

Appendix A.1: List of components

plastic hosing

approxi maf
Bl ue hosi |
length of part
entering valve:
approxi maf
length of part exiting
valve (entering inlet
hole of system):

approximately 2

1/ 160

Component Material Size Notes
Reservoir Plastic (clear with 6 quarts (5.7 liters); | Filled only to 4 liters
gray lid) 140L x 80 |forall experiments;
H (35.6 cm x 20.3 cnf holes cut in lid for
x 12.4 cm) drain, pump cord,
hosing, and
measurements
Hosing Plastic(transparent | Transparent hosing: | Detachable
hosing ziptied to 3/ 80 OD, |




Total hosing when
zip-tied together
(excluding part
entering inlet hole of
system and valve):

approxi maf

Valve Plastic I O
Pump Plastic 95 gph Pulaco pump PL
128X2
Base (excluding PVC Approximately 21
drain and end cap) 3/ lléhgth
(including drain and
end cap,
approxi maf
length)
Lid PVC Approximately 19 Detachable
15/160 | e
Lights White LED strip Approximately 16 Average light range
lights 5/ 80 | eng{ofapproximately 21
(at ends) to 67
photons/m”2/s
Adapter NA NA Input: AC100240 V,

50/60 Hz, 1.2 A

11¢




Output: 12V, 2 A
Each one is used wit
a 3way splitter,
powering the lights
for 3 systems at oncg

(see pictures on

poster)
End cap PVC 20 3 inlet holes to alter
flow rate
Drain (elbow + PVC El bow: 20 |Elbowand length of
length of pipe) Lengt h of |pipedetachable from
appr oxi ma {eachotherand main
length system
Weirs PLA NA Two kinds; for

substrata testing, flat

one placed at

approxi maf

down the channel
from the opening;
Weir with bar placed
at approximately: 16
1 0 down t |

from the opening;




replaced with binder
clips for main

experiments

Binder clips

NA

NA

NA

Other parts

PLA

NA

Hinges, attachment
pieces, detachable
base stand (see post
for picture),hold-in-

place pieces
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Appendix A.2: System setup

Left: Supply line
< T with valve

@ = L attached to pump

Below: Light hood
and 3-way splitter
for power source

@ Flow lane

Drain ~Reservoir with pump

N\
N
N
im e

Above, from left to right: flat weir,
detachable base stand, weir with bar

A n

N Above:end cap
Below: hinge for lid
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Appendix B: System Testing

Appendix B.1: Image timeline of preliminary qualitative biomass testing

‘ May 12, 2022, Day 6 growth in system A

May 12, 2022, Day Growth in system B May 12, 2022, Day 6 growth in System C
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May 13, 2022, Day 7 growth in system A May 13, 2022, Day 7 growth in system B

before harvest before havest 1

Appendix B.1l: Preliminary test Igrowth period 1(from right to left,systems are A, B, IC7-
day biomass was 0.0831 g and 0.0978 g for A and B respectively, data forfGrigsteration

1 prototypes

May 16, 2022, Day 4 regrowth after harvest 1
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May 20, 2022, after harvest 2
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May 16, 2022 algae sample from system A under microscope

Appendix BL.2 Preliminary test 1 growth period for generation 1 prototypgsotal biomass

for all 3 systems was

May 24, 2022, Day 4 of regrowth after harvest 2
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May 24 sample from system B under microscope

Appendix BL.3: Preliminary test Igrowth period 3 for generation 1 prototypes
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Appendix BL.4: Preliminary test 1 growth period, 4lay 7 (6/03/2022) regrowth, before harvest

4 (harvest 4 ftlay total biomass for 3 systems combined = 1.88rggeneration 1 prototypes




July 7, systems moved to rack
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Appendix B1.5: Preliminary test 2 for generation 8ystemni

Appendix BL.6: Preliminary testing biomass for generation 2, systems 1, 2, and 3



Appendix B.2: Results from aborted LCSE trials

e
[=]

—&— | CSE System 1

w
[%a]

—@— LCSE System 2

LCSE System 3

w
[=]

]
[%a]

20

15

10

biomass productivity (107-6 g/fcm?2/d)

0 1 2 3 4 5
trial number
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Appendix C: Additional Figures and Tables

Appendix C.1Additional figures and tables foirials 1-3: The effect ofthe Tallapoosa River

water bacteria biofilm on attachment in low nutrient synthetic media

(Return to:3.2.1)

Appendix C.1.1: Trial hdditional figures and tables

o

o

8 —

o J control
> 2 M treated
5 8
0 o
= |
-

5 2
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Q
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<

o

tr c tr tr c tr c tr c

Figure C.1.11: Total dry weight for Trial 1 of experiment testing the effect of the Tallapoosa

River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.12: Total dry weight boxplots for Trial 1 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.13: Mean dry weight SA index with standard deviation bars for Trial 1 of experiment

testing theeffect of the Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic

media
] control
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Figure C.1.14: Total chlorophyll a for Trial 1 of experiment testing the effect of the Tallapoosa

River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.15: Total chlorophyll a boxplots for Trial 1 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.16: Mean chlorophyll a SA index with standard deviation bars for Trial 1 of
experiment testing the effect of the Tallapoosa River bacteria biofilm on attachment in low

nutrient synthetic media

Table C.1.11: Placement setip for Trial 1 of experiment testing the effect of the Tallapoosa
River bacteria biofilm on attachment in low nutrient synthetic media with place in each 3x3

section of the chart simulating 3x3 placement on the actual rack going fromlogidm (a

*Indicates removal of some or all of this sys
system, and Aco indicates a control system)
Lids Systems Substrata
9 8 4 9 (c) 5 (c) 7 (c) 2 1 5
5 1 3 6(tr) | 3(tr) 2 (c) 7 3 4
2 6 7 1 (tr) 4 (tr) 8 (tr) 9 8 6

Appendix C.1.2: Trial 2dditional figures and tables
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Figure C.1.21: Total dry weight for Trial 2 of experiment testing the effect of the Tallapoosa

River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.22: Total dry weight boxplots foFrial 2 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.23: Mean dry weight SA index with standard deviation bars for Trial 2 of experiment

testing the effect of the Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic

media
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Figure C.1.24: Total chlorophyll a for Trial 2 of experiment testing the effect of the Tallapoosa

River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.25: Total chlorophyll a boxplots for Trial 2 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.26: Mean chlorophyll a SA index with standard deviation bars for Trial 2 of
experiment testing the effect of the Tallapoosa River bacteria biofilm on attachment in low

nutrient synthetic media

Table C.1.21: Placement setip for Trial 2 of experiment testing the effect of the Tallapoosa
River bacteria biofilm on attachment in low nutrient synthetic media with place in each 3x3

section of the chart simulating 3x3 placement on the actual rack going fromhofidm (a

*Indicates removal of some or all of this sys
system, and Aco indicates a control system)
Lids Systems Substrata




5 8 4 9(@)* | 5(@r) | 4(c) 6 9 3

6 3 7 8 | 7@ | 2 2 1 8

2 9 1 3@ | 6@ | 1()* 7 4 5

Appendix C.1.3: Trial &dditional figures and tables
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Figure C.1.31: Total dryweight for Trial 3 of experiment testing the effect of the Tallapoosa

River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.32: Total dry weight boxplots for Trial 3 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.33: Mean dry weight SA index with standard deviation bars for Trial 3 of experiment

testing the effect of the Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic

media
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Figure C.1.34: Total chlorophyll a for Trial 3 of experiment testing the effect of the Tallapoosa

River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.35: Total chlorophyll a boxplotfor Trial 3 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.36: Mean chlorophyll a SA index with standard deviation bars for Trial 3 of
experiment testing the effect of the Tallapoosa River bacteria biofilm on attachment in low

nutrient synthetic media
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Figure C.1.37: Total chlorophyll pigments for Trial 3 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure C.1.38: Total chlorophyll pigments boxplot for Trial 3 of experiment testing the effect of

the Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media

total chlorophyll pigment

control treated

14¢



Figure C.1.39: Mean total chlorophyll pigments with standard deviation bars for Trial 3 of
experiment testing the effect of the Tallapoosa River bacteria biofilm on attachment in low

nutrient synthetic media
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Figure C.13.10 Mean total chlorophyll pigments SA index with standard deviation bars for
Trial 3 of experiment testing the effect of the Tallapoosa River bacteria biofilm on attachment in

low nutrient synthetic media

Table C.1.3L: Placement setip for Trial 3 of experiment testing the effect of the Tallapoosa
River bacteria biofilm on attachment in low nutrient synthetic media with place in each 3x3

section of the chart simulating 3x3 placement on the actual rack going fromhotidm (a
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SYys

*indicates removal of some or all of this
system, and Aco indicates a control system)
Lids Systems Substrata
8 2 1 7() | 4@n)* | 2(c) 5 4 7
4 7 6 3 (tr)* 5 (c) 9 (tr) 9 8 2
5 9 3 6 (c) 8 (tn)* 1 (tr) 3 1 6

Appendix C.2Additional figures and tables for Trial 4The effect ofthe Tallapoosa River

bacteria biofilm on attachment in high nutrient synthetic media

(Return t0:3.2.2
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Figure C.2a Total dry weight foFrial 4: the effect ofhe Tallapoosa River bacteria biofilm on

attachment in high nutrient synthetic media
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Figure C.2b Total dry weight boxplots forial 4: The effect of the Tallapoosa River bacteria

biofilm on attachment in high nutrient synthetic media
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Figure C.2c: Mean dry weight SA index with standard deviation bargrfal 4: The effect of

the Tallapoosa River bacteria biofilm on attachment in high nutrient synthetic media
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Figure C.2dTotal chlorophyll a fofTrial 4: The effect of the Tallapoosa River bacteria biofilm

on attachment in high nutrient synthetic media
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Figure C.2e Total chlorophyll a boxplots forial 4: The effect of the Tallapoosa River bacteria

biofilm on attachment in high nutrient synthetic media
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Figure C.2f Mean chlorophyll a SA index with standard deviation bar$rat 4: The effect of

the Tallapoosa River bacteria biofilm on attachment in high nutrient synthetic media
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Figure C2g: Total chlorophyll pigments for Trial: The effect of the Tallapoosa River bacteria

biofilm on attachment ihigh nutrient synthetic media
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Figure C2h: Total chlorophyll pigments boxplot for Tridl The effect of the Tallapoosa River

bacteria biofilm on attachment imgh nutrient synthetic media
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Figure C2i: Mean total chlorophyll pigments with standard deviation bars for ®idlhe

effect of the Tallapoosa River bacteria biofilm on attachmehighnutrient synthetic media
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Figure C2j: Mean total chlorophyll pigments SA index with standard deviation bars for4rial
The effect of the Tallapoosa River bacteria biofilm on attachmédngmnutrient synthetic

media

Table C.2: Placement setip for Trial 4: Theeffect of the Tallapoosa River bacteria biofilm on
attachment in high nutrient synthetic media with place in each 3x3 section of the chart

simulating 3x3 placement on the actual rack going from top to bottom (a *indicates removal of
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some or all of this systembébs data from analys

indicates a control system)

Lids Systems Substrata
NA NA NA 6(c) | 1(r) | 8(tr) 9 8 4
NA NA NA 2 (tr) 7 (tr) 9 (c) 2 7 6
NA NA NA 4 (tr) 5 (c) 3(c) 5 1 3

Appendix C3 Additional figures and tables foffrial 5: The effect ofthe Town Creek Park

streambacteria biofilm on attachment in low nutrient water

(Return t0:3.2.3
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Figure C3a: Total dry weight foiTrial 5: The effect othe Town Creek Parlstreambacteria

biofilm on attachment itow nutrient synthetic media
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Figure C3b: Total dry weight boxplots foFrial 5: The effect othe Town Creek Parlstream

bacteria biofilm on attachment in high nutrient synthetic media
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Figure C3c: Total chlorophyll a fo Trial 5: The effect of thedwn Creek Park strearbacteria

biofilm on attachment itow nutrient synthetic media
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Figure C3d: Total chlorophyll a boxplots fofrial 5: The effect of thedwn Creek Park stream

bacteria biofilm on attachment low nutrient synthetic media
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Figure C3e: Total chlorophyll pigments for Tridd: The effect of thedwn Creek Park stream

bacteria biofilm on attachment in low nutrient synthetic media
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Figure C3f: Total chlorophyll pigments boxplot for Triét The effect of thedwn Creek Park

streambacteria biofilm on attachment in low nutrient synthetic media
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Figure C3g: Mean total chlorophyll pigments with standard deviation bars for Trial 3 of
experiment testing the effect of the Tallapoosa River bacteria biofilm on attachment in low

nutrient synthetic media

Table C3a: Placement setip for Trial 5: The effect of thedwn Creek Park streatmacteria

biofilm on attachment itow nutrient synthetic media with place in each 3x3 section of the chart
simulating 3x3 placement on the actual rack going from top to bottom (a *indicates removal of
some or all of this systembébs data from analys

indicates a control system)

Lids Systems Substrata
1 5 9 3(r) | 4(c) 5 (c) 9 3 7
8 3 6 o(r) | 6(tr) | 7(tr) 5 2 4
7 2 4 1 (c) 2 (tr) 8 (c) 8 6 1

Appendix C.4 Additional figures and tables fdrial 6: The effect ofthe Town Creek Park

streambacteria biofilm on attachment in high nutriensynthetic media

(Return to:3.2.9
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Figure C4a: Total chlorophyll a forTrial 6: The effect of thedwn Creek Park streatmacteria

biofilm on attachment in high nutrient synthetic media
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Figure C4b: Total chlorophyll a boxplots fofrial 6: The effect of thedwn Creek Park stream

bacteria biofilm on attachment in high nutrient synthetic media
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Figure C4c: Total chlorophyll pigments for Trid: The effect of thedwn Creek Park stream

bacteria biofilm on attachment mgh nutrient synthetic media
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Figure C4d: Total chlorophyll pigments boxplot for Triét The effect of th&own Creek Park

streambacteria biofilm on attachment imgh nutrient synthetic media
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Table C4a: Placement setip for Trial 6: Theeffect of the Town Creek Park strebatteria
biofilm on attachment in high nutrient synthetic media with place in each 3x3 section of the chart
simulating 3x3 placement on the actual rack going from top to bottom (a *indicates removal of

some or all of this sysdemasedanatfeamednalygs

indicates a control system)

Lids Systems Substrata
2 9 3 8(tr) | 1(tr) 2 (c) 5 9 6
8 5 1 5 (tr) 9 (c) 3(c) 3 1 8
6 4 7 6 (tr) 7 (tr) 4 (c) 2 4 7

Appendix C.5 Additional figures and tables fdrial 7: The effect ofthe Town Creek Park

streambacteria biofilm inhalf-diluted, filtered aquaculture waste

(Return t0:3.2.5
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Figure Cbha: Total dry weight foifrial 7: The effect of thedwn Creek Park streafvacteria

biofilm on attachment indif-diluted, filtered aquaculture waste
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Figure Cbhb: Total dry weight boxplots fofrial 7: The effect of thedwn Creek Park stream

bacteria biofilm on attachment imalf-diluted, filtered aquaculture waste
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Figure Chc: Total chlorophyll a forTrial 7: The effect of th&own Creek Park streatracteria

biofilm on attachment indif-diluted, filtered aquaculture waste
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Figure C5d: Total chlorophyll a boxplots fofrial 7: The effect of thedwn Creek Park stream

bacteria biofilm on attachment iral-diluted, filtered aquaculture waste
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Figure C5e Total chlorophyll pigments for Tridd: The effect of the Tallapoosa River bacteria

biofilm on attachment ihalf-diluted, filtered aquaculture waste

164



o
o ] ]
~ N ¢ = control i
3 tr = treatment | |
8 |
s g |
E -— H
2
Q T
=, 1
5 o
e S : '
o -
=
(&)
I
2 o
3

Figure C5d: Total chlorophyll pigments boxplot for Tri@t The effect of th&own Creek Park

streambacteria biofilm on attachment malf-diluted, filtered aquaculture waste
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Figure Cb5e Mean total chlorophyll pigments with standard deviation bars for Ttialhe

effect of the dwn Creek Park streaimacteria biofilm on attachment imalf-diluted, unfiltered

aq uaculture waste

Table C5a: Placement setip for Trial 7: The effect of the Town Creek Park stream bacteria

biofilm on attachment in hatiluted, unfiltered aquaculture wastéth place in each 3x3

section of the chart simulating 3x3 placement on the actual rack going from top to bottom (a

*I'ndicates removal of some or al/l of thi
system, and Aco indicates a control

Lids Systems Substrata

7 10 8(c) | 3(tr) 7 (c) 3 2 6

2 9 2(r) | 1(r) | 4() 1 7 5

6 5 5 (tr) 6 (tr) 9 (c) 8 4 9

Appendix C6 Additional figures and tables fofrial 8: The effect ofthe mixedbacteria

biofilm in heavily diluted, unfiltered aquaculture waste with reduced slope

(Return to:3.2.9
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Figure C6a: Mean total chlorophyll a with standard deviation bars for Trial 8eTeffect of the
mixedbacteria biofilm on attachment meavily diluted, unfiltered aquaculture waste with

reduced slope
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Figure C6h: Total chlorophyll a forTrial 8: The effect of thenixedbacteria biofilm on

attachment in gavily diluted, unfiltered aquaculture waste with reduced slope
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Figure C6c: Total chlorophyll a boxplots fofrial 8: The effect of thenixedbacteria biofilm on

attachment in bavily diluted, unfiltered aquaculture waste with reduced slope
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Figure C6d:. Mean chlorophyll a SA index with standard deviation barsTfial 8: The effect of
themixedbacteria biofilm on attachment irehvily diluted, unfiltered aquaculture waste with

reduced slope
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Figure C6e Total chlorophyll pigments for Tria8: The effect of thenixedbacteria biofilm on

attachment irheavily diluted, unfiltered aquaculture waste with reduced slope
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Figure C6f: Total chlorophyll pigments boxplot for Tri@: The effect of thenixedbacteria

biofilm on attachment iheavily diluted, unfiltered aquaculture waste with reduced slope
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Figure C6g: Mean total chlorophyll pigments SA index with standard deviation bars for&rial
The effect of thenixedbacteria biofilm on attachment meavily diluted, unfiltered aquaculture

waste with reduced slope

Table C6a: Placement setip for experiment testingrial 8: The effect of thenixedbacteria
biofilm on attachment indavily diluted, unfiltered aquaculture waste with reduced shoiie

place in each 3x3 section of the chart simulating 3x3 placement on the actual rack going from

top to bottom (a *indicates removal of some o
indicates a treated system, and Acd indicates
Lids Systems Substrata
8 10 2 4(c) | 8(tr) 2 (c) 7 2 1
7 4 5 7() | 3() 1 (c) 5 8 9
1 6 9 9 (tr) 6 (tr) 5 (tr) 3 4 6

Appendix C.7 Additional figures and tables fdrial 9: The effect ofmixedbacteria biofilm in

undiluted, unfiltered aquaculture waste with reduced slope

(Return to:3.2.7)
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Figure C7a: Total dry weight foiTrial 9: The effect of thenixedbacteria biofilm on attachment

in undiluted, unfiltered aquaculture waste with reduced slope
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Figure C7b: Total dry weight boxplots fdrrial 9: The effect of thenixedbacteria biofilm on

attachment irundiluted, unfiltered aquaculture waste with reduced slope
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Figure C7c: Mean dry weight SA index with standard deviation bargfal 9: The effect of

themixedbacteria biofilm on attachment imdiluted, unfiltered aquaculture waste with reduced

slope
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Figure C7d: Total chlorophyll a fofTrial 9: The effect of thenixedbacteria biofilm on

attachment irundiluted, unfiltered aquaculture waste with reduced slope
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Figure C7e: Total chlorophyll a boxplots foFrial 9: The effect othe mixedbacteria biofilm on

attachment irundiluted, unfiltered aquaculture waste with reduced slope
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Figure C7f: Total chlorophyll pigments for Trid): The effect of thenixedbacteria biofilm on

attachment irundiluted, unfiltered aquaculture waste with reduced slope
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Figure C7g: Total chlorophyll pigments boxplot for Tri@t The effect of thenixedbacteria

biofilm on attachment inndiluted, unfiltered aquaculture waste with reduced slope
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Figure C7i: Mean total chlorophyll pigments with standard deviation bars for Tialhe

effect of themixedbacteria biofilm on attachment umdiluted, unfiltered aquaculture waste with

reduced slope

Table C7a: Placement setip for Trial 9: The effect of thenixedbacteria biofilm on attachment

in undiluted, unfiltered aquaculture waste with reduced slejple place in each 3x3 section of

the chart simulating 3x3 placement on the actual rack going from top to bottom (a *indicates

removal of some or al/l of this systemods
Acdo indicates a control system)
Lids Systems Substrata
9 7 6 7 (c) 3(c) | 6(tr) 5 6
4 10 1 9(tr) | 8(tr) 2 (c) 2 1
5 2 8 1 (tr) 4 (c) 5 (tr) 9 4

Appendix C.8 Additional figures and tables fdrial 10: The effect of mixed bacteria biofilm

in half-diluted, unfiltered aquaculture waste with reduced slope

(Return to:3.2.9
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Figure CB8a: Total dry weight foifrial 10: The effect of the mixed bactebmfilm on

attachment irhalf-diluted, unfiltered aquaculture waste with reduced slope
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Figure C8b: Total dry weight boxplots forrial 10: Theeffect of the mixebacteria biofilm on

attachment in alf-diluted, unfiltered aquaculture waste with reduced slope

100
80

60

40

20

dry weight SA index

0 s
control

treited

-20

-40

Figure C8c: Mean dry weight SA index with standard deviation bar§fal 10: The effect of

themixedbacteria biofilm on attachment malf-diluted, unfiltered aquaculture waste with

reduced slope
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Figure C8d: Total chlorophyll a fofTrial 10: The effect of thenixedbacteria biofilm on

attachment irhalf-diluted, unfiltered aquaculture waste with reduced slope
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Figure C8e: Total chlorophyll a boxplots faFrial 10: The effect of thenixedbacteria biofilm

on attachment indlf-diluted, unfiltered aquaculture waste with reduced slope
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Figure C8f: Mean chlorophyll a SA index with standard deviation barsTfal 10: The effect
of themixedbacteria biofilm on attachment imalf-diluted, unfiltered aquaculture waste with

reduced slope
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Figure C8g: Total chlorophyll pigments for TridlO: The effect of thenixedbacteria biofilm on

attachment irhalf-diluted, unfiltered aquaculture waste with reduced slope
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Figure C8h: Total chlorophyll pigments boxplot for TriaD: The effect of thenixedbacteria

biofilm on attachmenh half-diluted, unfiltered aquaculture waste with reduced slope

7000

6000

:

:

:

2000

total chlorophyll pigments (pg)

:

control treated

18¢



Figure C8i: Mean total chlorophyll pigments with standard deviation bars for Tk@l The
effect of themixedbacteria biofilm on attachment malf-diluted, unfiltered aquaculture waste

with reduced slope
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Figure C8j: Mean total chlorophyll pigments SA index with standard deviation bars for Trial
10: The effect of thenixedbacteria biofilm on attachment malf-diluted, unfiltered aquaculture

waste with reduced slope

Table C8a: Placement setip for Trial 10: The effect of thenixedbacteria biofilm on
attachmentn half-diluted, unfiltered aquaculture waste with reduced shafik place in each

3x3 section of the chart simulating 3x3 placement on the actual rack going from top to bottom (a
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*indicates removal of some or all of this
system, and fico indicates a control system)
Lids Systems Substrata
8 5 5(c) 4 (c) 1(tr) 7 3 5
6 9 9 (tr) 8 (tr) 2 (c) 4 6 1
10 7 7 (tr) 3(c) 6 (tr) 9 2 8

Appendix C9 Additional figures and tables fofrial 11: The effect of mixed bacteria biofilm

in heavily diluted, unfiltered aquaculture waste witieavilyreduced slope
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Figure C9a: Total dry weight foifrial 11: Theeffect of the mixeldacteria biofilm on

attachment irheavily diluted, unfiltered aquaculture waste with heavily reduced slope
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Figure C9b: Total dry weight boxplots foFrial 11: The effect of thenixedbacteria biofilm on

attachment irheavily diluted, unfiltered aquaculture waste with heavily reduced slope
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Figure C9c: Total chlorophyll a forTrial 11: The effect of thenixedbacteria biofilm on

attachment irheavily diluted, unfiltered aquaculture waste with heavily reduced slope
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Figure C9d: Total chlorophyll a boxplots fofrial 11: The effect of thenixedbacteria biofilm

on attachment imeavily diluted, unfiltered aquaculture waste with heavily reduced slope
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Figure C9e Total chlorophyll pigments for Tridll: The effect of thenixedbacteria biofilm on

attachment irheavily diluted, unfiltered aquaculture waste with heavily reduced slope
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Figure C9f. Total chlorophyll pigments boxplot for Tridll: The effect of thenixedbacteria

biofilm on attachmenh heavily diluted, unfiltered aquaculture waste with heavily reduced slope
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Figure C9g Mean total chlorophyll pigments with standard deviation bars for TrialThe
effect of themixedbacteria biofilm on attachment meavily diluted, unfiltered aquaculture

waste with heavily reduced slope
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Figure C9h: Mean total chlorophyll pigments SA index with standard deviation bars for Trial
11: The effect of thenixedbacteria biofilm on attachment meavily diluted, unfiltered

aquaculture waste with heavily reduced slope

Table C9a: Placement setip for Trial 11: The effect of thenixedbacteria biofilm on
attachment irheavily diluted, unfiltered aquaculture waste with heavily reduced sWdpeplace

in each 3x3 section of the chart simulating 3x3 placement on the actual rack going from top to



bottom (a *indicates removal of some or all
treated system, and Aco indicates a control
Lids Systems Substrata
7 4 10 3(c) 2 (c) 6 (C) 3 7 8
2 6 5 9 (c) 1 (tr) 3(tr) 5 6 2
9 1 8 5 (tr) 8 (tr) 7 (tr) 9 4 1

Appendix C.10 Additional figures and tables farial 12: The effect of mixed bacteria biofilm

in heavily diluted, unfiltered aquaculture waste
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Figure C10a: Mean dry weight with standard deviation bars Toral 12: The effect of the

mixedbacteria biofilm on attachment irehvily diluted, unfiltered aquaculture waste
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Figure C10k Total dry weight forTrial 12: The effect of thenixedbacteria biofilm on

attachment irheavily diluted, unfiltered aquaculture waste
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Figure C10c Total dry weight boxplots foFrial 12: The effect of thenixedbacteria biofilm on

attachment irheavily diluted, unfiltered aquaculture waste
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Figure C10d: Total chlorophyll a forTrial 12: The effect of thenixedbacteria biofilm on

attachment irheavily diluted, unfiltered aquaculture waste
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Figure C10e: Total chlorophyll a boxplots foFrial 12: The effect of thenixedbacteria biofilm

on attachment imeavily diluted, unfiltered aquaculture waste
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Figure C10f. Total chlorophyll pigments for Tridl2: The effect of thenixedbacteria biofilm

on attachment imeavily diluted, unfiltered aquaculture waste
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Figure C10g Total chlorophyll pigments boxplot for TriaR: The effect of thenixedbacteria

biofilm on attachment iheavily diluted, unfiltered aquaculture waste
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Figure C.Dh: Mean total chlorophyll pigments with standard deviation bars for|Tir2a The
effect of themixedbacteria biofilm on attachment imeavily diluted, unfiltered aquaculture

waste

Table C10a Placement setip for experiment testing the effect of thikedbacteria biofilm on
attachment irheavily diluted, unfiltered aquaculture wastéh place in each 3x3 section of the
chart simulating 3x3 placement on the actual rack going from top to bottom (a *indicates

removal of some or all of this systemobs
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Appendix D: Environmental conditions

Appendix D.1Environmental conditions for Trials 13: The effect of Tallapoosa River water

bacteria biofilm on attachment in low nutrient water
Appendix D.1.1: Trial Environmental conditions
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Figure D.1.1a: Temperatures in °C for Trial 1 of experiment testing the effect of the Tallapoosa

River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.1b: Electrical conductivities ir$) for Trial 1 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.1c: Total dissolved solids in ppm for Trial 1 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media

8.4

6.8
11/6/2023 11/9/2023 11/10/2023 11/10/2023 11/10/2023 11/10/2023 11/10/2023 11/12/2023 11/14/2023
1:44PM 3:09PM 12:49PM 1:24PM 1:59PM 2:33PM 3:07PM 10:50AM 10:20AM*
e cystem 2 e cystem 1 e=f==system 5 system 4 = system 3
= System 7 e 5y stem 9 e 5y stem 8 sy stem 6 *after refill

Figure D.1.1d: pH for Trial 1 of experiment testing the effect of the Tallapoosa River bacteria

biofilm on attachment in low nutrient synthetic media
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Figure D.1.1e: Decrease in nitrate concentration over Trial 1 of experiment testing the effect of

the Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.1f: Decrease in phosphate concentration over Trial 1 of experiment testing the effect

of the Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.1g: Average inlet flow rate in mL/s for Trial 1 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media

Table D.1.1a: Channel travel time in s for Trial 1 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media

Channel Travel
System
Time (s)
1 1
2 2
3 1
4 1
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5 1
6 1
7 1
8 2
9 2

Appendix D.1.2: Trial Znvironmental conditions
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Figure D.1.2a: Temperatures in °C for Trial 2 of experiment testing the effect of the Tallapoosa

River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.2b: Electrical conductivities ir$) for Trial 2 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.2c: Total dissolved solids in ppm for Trial 2 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.2d: pH for Trial 2 of experiment testing the effect of the Tallapoosa River bacteria

biofilm on attachment in low nutrient synthetic media
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Figure D.1.2e: Decrease in nitrate concentration over Trial 2 of experiment testing the effect of

the Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.2f: Decrease in phosphate concentration over Trial 2 of experiment testing the effect

of the Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media

20¢



25

o
20 . . Y ® ° ° ®

Q o
E 15
o
ot
®
= 10
o
[

5

0

0 1 2 3 4 5 6 7 8 9 10
Systems

Figure D.1.2g: Average inlet flow rate in mL/s for Trial 2 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media

Table D.1.2a: Channel travel time in s for Trial 2 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media

Channel Travel
System
Time (s)
1 2
2 1
3 1
4 1
5 1
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Appendix D.1.3: Trial 2nvironmental conditions
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Figure D.1.3a: Temperatures in °C for Trial 3 of experiment testing the effect of the Tallapoosa

River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.3b: Electrical conductivities irr$) for Trial 3 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.3c: Total dissolved solids in ppm for Trial 3 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.3d: pH for Trial 3 of experiment testing the effect of the Tallapoosa River bacteria

biofilm on attachment in low nutrient synthetic media
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Figure D.1.3e: Decrease in nitrate concentration over Trial 3 of experiment testing the effect of

the Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.1.3f: Decrease in phosphate concentration over Trial 3 of experiment testing the effect

of the Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media

25

[ M
ul o
@
e

[
=]

flow rate (mL/s)

0 1 2 3 - 5 6 7 8 9 10

systems

Figure D.1.3g: Average inlet flow rate in mL/s for Trial 3 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media

Table D.1.3a: Channel travel time in s for Trial 3 of experiment testing the effect of the

Tallapoosa River bacteria biofilm on attachment in low nutrient synthetic media

Channel Travel
System
Time (s)
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Appendix D.2 Environmental conditions for Trial 4. The effect of Tallapoosa River water

bacteria biofilm on attachment in high nutrient synthetic media
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Figure D2a: Temperatures in °C for Trigl: The effect of the Tallapoosa River bacteria biofilm

on attachment imigh nutrient synthetic media
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Figure D2b: Electrical conductivities inXS) for Trial4: The effect of the Tallapoosa River

bacteria biofilm on attachment mgh nutrient synthetic media
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Figure D2c: Total dissolved solids in ppm for Tri& The effect of the Tallapoosa River

bacteria biofilm on attachment mgh nutrient synthetic media
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Figure D.2d: pH for Trial 4: The effect of the Tallapoosa River bacteria biofilm on attachment in

high nutrient synthetic media
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Figure D2f: Decrease in phosphate concentration over T4ialThe effect of the Tallapoosa

River bacteria biofilm on attachment igh nutrient synthetic media
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Figure D2g: Average inlet flowate in mL/s for Triald: The effect of the Tallapoosa River

bacteria biofilm on attachment imgh nutrient synthetic media

Table D2a: Channel travel time in s for Trid: The effect of the Tallapoosa River bacteria

biofilm on attachment ihigh nutrient synthetic media

Channel Travel
System
Time (s)
1 2
2 2
3 2
4 1
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Appendix D.3 Environmental conditions for Trial 5: The effect of Town Creek Patkeam

bacteria biofilm on attachment imow nutrient synthetic media
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Figure D.3a: Temperatures in °C for Trid: The effect of thedwn Creek Park streaitvacteria

biofilm on attachment in low nutrient synthetic media
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Figure D.3b: Electrical conductivities inXS) for Trial5: The effect of thedwn Creek Park

streambacteria biofilm on attachment in low nutrient synthetic media
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Figure D.3c: Total dissolved solids in ppm for TrialThe effect of thedwn Creek Park stream

bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.3d: pH for Trial5: The effect of thedwn Creek Park streaivacteria biofilm on

attachment in low nutrient synthetic media
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Figure D.3e: Decrease in nitrate concentration over THallhe effect of thedwn Creek Park

bacteria biofilm on attachment in low nutrient synthetic media
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Figure D.3f: Decrease in phosphate concentration over Hidlhe effect of thedwn Creek
Park streanmbacteria biofilm on attachment in low nutrient synthetic media
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Figure D.3g: Average inlet flow rate in mL/s for Tr&l The effect of thedwn Creek Park

bacteria biofilm on attachment in low nutrient synthetic media

Table D.3a: Channel travel time in s for Tr&l The effect of thedwn Creek Park stream

bacteria biofilm on attachment in low nutrient synthetic media

Channel Travel
System
Time (s)
1 1
3 1
4 1
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9 2

Appendix D.4 Environmental conditions for Trial 6: The effect of Town Creek Patkeam

bacteria biofilm on attachment in high nutriensynthetic media
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Figure D4a: Temperatures in °C for Trid: The effect of thedwn Creek Parlstreambacteria

biofilm on attachment ihigh nutrient synthetic media
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Figure D4b: Electrical conductivities irSfor Trial 6: The effect of thedwn Creek Park

streambacteria biofilm on attachment imgh nutrient synthetic media
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Figure D4c: Total dissolved solids in ppm for Triél The effect of th&@own Creek Park stream

bacteria biofilm on attachment mgh nutrient synthetic media
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Figure D4d: pH for Trial 6: The effect of th&own Creek Park streatracteria biofilm on

attachment irhigh nutrient synthetic media
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Figure D4e: Decrease in nitrate concentration over Tr@lTheeffect of thefown Creek Park

streambacteria biofilm on attachment mmgh nutrient synthetic media
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Figure D4f: Decrease in phosphate concentration over Teéialhe effect of thedwn Creek

Park streanmbacteria biofilm on attachment imgh nutrient synthetic media
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Figure D4g: Average inlet flow rate in mL/s for Triéit The effect of th&own Creek Park

streambacteria biofilm on attachment imgh nutrient synthetic media

Table D4a: Channel travel time in s for Tri&: The effect of thedwn Creek Parlbacteria

biofilm on attachment ihigh nutrient synthetic media

Channel Travel
System
Time (s)
1 1
2 1
3 2
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Appendix D.5 Environmental conditions for Trial 7: The effect of Town Creek Park water

bacteria biofilm in medium strengthiiluted, filtered aquaculture waste
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Figure D5a: Temperatures in °C for Tridl: The effect of th&own Creek Park streatyiofilm

on attachment imedium strength diluted, filtered aquaculture waste
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Figure D5b: Electrical conductivities iS for Trial 7: The effect of th&own Creek Park

streambacteria biofilm on attachment medium strength diluted, filtered aquaculture waste
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Figure D5c: Total dissolved solids in ppm for Trial The effect of th&@own Creek Park stream

bacteria biofilm on attachment medium strength diluted, filtered aquaculture waste
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Figure D5d: pH for Trial 7: TheTown Creek Parbacteria biofilm on attachment medium

strength diluted, filtered aquaculture waste
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Figure D5e: Decrease in nitrate concentration over TrfalThe effect of th&own Creek Park

streambacteria biofilm on attachment medium strength diluted, filtered aquaculture waste
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Figure D5f: Decrease in phosphate concentration over Trialhe effect of thedwn Creek

Park streanmbacteria biofilm on attachment medium strength diluted, filtered aquaculture

waste
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Figure D.5g: Decrease in nitrite concentration over Trial 7: The effect of the Town Creek Park

stream bacteria biofilm on attachment in medium strength diluted, filtered aquaculture waste
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Figure D.5h: Decrease in ammonia concentration over Trial 7: The effect of the Town Creek

Park stream bacteria biofilm on attachment in medium strength diluted, filtered aquaculture

waste
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Figure D5i: Average inlet flow rate in mL/s for Tridl The effect of thedwn Creek Park

streambacteria biofilm on attachment medium strength diluted, filtered aquaculture waste

Table D5a: Channel travel time in s for Tridl: Theeffect of the Town Creek Pablacteria

biofilm on attachment imedium strength diluted, filtered aquaculture waste

Channel Travel
System
Time (S)
1 2
2 1
3 2
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Appendix D.6 Environmental conditions for Trial 8: The effect tie mixedbacteria biofilm

in heavily diluted, unfiltered aquaculture waste with reduced slope

temperature (°C)
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Figure D6a: Temperatures in °C for Trid: The effect of thenixedbacteria biofilm on

attachment irheavily diluted, unfiltered aquaculture waste with reduced slope

Figure D6b: Electrical conductivities iS for Trial8: The effect of thenixedbacteria biofilm

on attachment iteavily diluted, unfiltered aquaculture waste wigdluced slope




























































































































































































































































