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Preface

This thesis is submitted in partial fulfiiment of the requirements for obtaining a Doctor of Philosophy
(Ph.D.) degree. The work presented within was conducted during my enrolment as a Ph.D. student at the
Section for Aquaculture, National Institute of Aquatic Resources (DTU Aqua), Technical University of
Denmark, in Hirtshals, Denmark, between 2017 and 2020.

The main supervisor of this thesis was senior researcher Anne Johanne Tang Dalsgaard and the thesis
was co-supervised by senior researcher Lars-Flemming Pedersen and Head of section Per Bovbjerg
Pedersen.

This thesis focuses on micro particles in recirculating aquaculture systems (RAS), spanning from their
origins to their removal. It is composed of a synopsis, two published papers and two manuscripts:

Paper | de Jesus Gregersen, K.J., Pedersen, P.B., Pedersen, L.F., Dalsgaard, J., 2019. Micro particles and
microbial activity in Danish recirculating rainbow trout (Oncorhynchus mykiss) farms. Aquac.
Eng. 84, 60-66. do0i:10.1016/j.aquaeng.2018.12.001

Paper Il de Jesus Gregersen, K.J., Pedersen, P.B., Pedersen, L.F., Liu, D., Dalsgaard, J., 2020. UV irradiation
and micro filtration effects on micro particle development and microbial water quality in
recirculation aquaculture systems. Aquaculture 518, 734785.
doi:10.1016/j.aquaculture.2019.734785

Paper Ill de Jesus Gregersen, K.J., Pedersen, P.B., Pedersen, L.F., Dalsgaard, J., 2020. Effects of storage
time and temperature on microbial activity and micro particle determination in recirculating
aquaculture systems water samples. Manuscript

Paper IV de Jesus Gregersen, K.J., Syropoulou, E., Pedersen, P.B., Pedersen, L.F., Dalsgaard, J., 2020. Foam
fractionation and ozonation in fresh water recirculating aquaculture systems. Manuscript
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A/NV Surface area to volume ratio
BODs Biochemical oxygen demand after 5 days
CoD Chemical oxygen demand
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FF Foam fractionators
HRT Hydraulic retention time
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0O; Ozone
oM Organic matter
POM Particulate organic matter
PSD Particle size distribution
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Abstract

Micro particles accumulate in recirculating aquaculture systems (RAS) and with the fast expansion of the
RAS industry in recent years, more focus has been put on understanding the impacts of micro particles on
fish and systems alike.

Micro particles are partly responsible for bacterial activity within systems due to their high surface area
to volume ratio. Their small size challenges their removal, and technologies that can reduce micro particles
in RAS are still lacking.

The overall aim of this PhD was to resolve the implications of micro particles on RAS operation including
water quality and fish performance, and to acquire methods and technologies for controlling micro particle
development in RAS.

This thesis is accompanied by four scientific manuscripts as well as unpublished data collected over the
last three and a half years.

The first manuscript (Paper 1) examines the distribution of micro particles and bacterial activity in seven
Danish model trout farms (MTF). Twenty separate RAS units were sampled over a short period and water
samples accessed for micro particles and bacterial activity. The results revealed large variations in micro
particle loads across, as well as within, farms suggesting that system specific conditions predominate. A
strong correlation (r = 0.92) between micro particle surface area and bacterial activity furthermore
supported the hypothesis that particle surface area is important in controlling bacterial activity in lower
intensity RAS.

The second manuscript (Paper Il) assesses the potential of ultraviolet radiation (UV) and micro filtration
(1 um) for controlling micro particle levels in rainbow trout RAS. At the same time, an indirect assessment
of the amount of micro particles composed by microorganisms was carried out by examining the reduction
caused by UV treatment alone. A two-by-two factorial trial was conducted over a 13 week period in 12
replicated pilot scale RAS. The results showed that both micro filtration and UV had large impacts on the
micro particles present in the systems, with large reductions in both numbers and volume. Micro filtration
resulted in a significant reduction of particle volume (89%) and a significant reduction in particle numbers
and bacterial activity (50 and 54%, respectively). Ultraviolet radiation, on the other end, lead to significant
reductions in particle numbers (74%) and bacterial activity (89%). The combination of both methods
reduced the presence of micro particles by approximately 88% (all metrics) and reduced bacterial activity
by 95%. It was also estimated that at least 64% of all particles by numbers and 30% by volume were
composed of living microorganisms.

The third manuscript (Paper Ill) tests the effects of sample storage (temperature and duration) on micro
particle and bacterial activity analysis. This was done by storing samples from two different RAS at room
temperature and at 4°C over a total of 72 hours, and tracking changes in particle nhumbers, volume and
surface area, as well as bacterial activity. In addition, some samples were store at -20°C and subjected to
similar analysis following de-frosting.



Results showed different dynamics in samples from either system, with large increases in bacterial
activity and micro particles within the first 3 hours in samples stored at 4°C from one of the systems. In
comparison, micro particle numbers and bacterial activity remained stable for the first 6 hours in samples
obtained from the other system before starting to decline. In both cases, the results suggested that
changes in micro particle numbers were bacterial driven. The results also showed that samples for bacterial
activity and micro particle assessment should not be frozen.

The last manuscript (Paper IV) focuses on the effects of foam fractionation and ozonation in freshwater,
rainbow trout RAS on the control of micro particles, bacterial activity and other water and biofilter quality
parameters, with focus on the build-up of organic matter. A two-by-two factorial trial was conducted in 12
replicated pilot scale systems over 8 weeks to determine the individual and combined effects of both
treatments. The results showed large reductions for the individual treatments and the highest removals for
the combined treatment. Ozonation by itself reduced the number of particles by more than 83% and
bacterial activity by 48%. Foam fractionation, on the other end, resulted in 54% less particles in numbers
and 62% less particle volume, while it reduced bacterial activity by more than 54%.

The combination of both treatments resulted in approximately 90% reduction of particle numbers and
bacterial activity, as well as 75% removal of organic matter (BODs). The results obtained supported previous
findings on ozone’s effect in RAS. Furthermore, the results showed that foam fractionation has similar
removal efficiency as that typically found in saltwater, suggesting that foam fractionation could become a
tool for controlling organic matter build-up in RAS, especially when combined with ozone.

The changes in physicochemical water quality parameters deriving from the treatments in Papers Il and
IV did not show any effect on the fish, sustaining that rainbow trout have a high degree of tolerance to
micro particles.

In conclusion, the results of this thesis corroborate that rainbow trout is highly tolerant to high levels of
micro particles, while the control of micro particles through different methods leads to significant
improvements in different physicochemical water quality parameters in RAS.

Furthermore, micro particles in RAS are intrinsically connected to bacteria. In low intensity systems,
surface area provided by micro particles seem to partly control the amount of bacterial activity in the
system, while in higher intensity systems most micro particle dynamics appears to be the result of changes
in bacterial populations. The main driver behind the large fluctuations in micro particles seems to be
organic matter build-up.

These results highlight new possibilities for controlling micro particles in RAS, including disinfection.
Together with reports from the industry, the results of Papers Il and IV maintain that disinfection is an
efficient way of controlling micro particles. However, while disinfection can be used to control micro
particles in RAS, it does not deal with the underlying cause of bacteria, which is organic matter. As seen in
Papers Il and IV, control of organic matter in RAS will not only control the level of micro particles, but will
also control the build-up of organic matter which is the direct cause of micro particles.



Dansk Resumé
Der sker typisk en akkumulering af mikropartikler i recirkulerede akvakulturanlaeg (RAS), og betydningen
af dette for selve produktionen er kommet i fokus i takt med, at industrien vokser.

Mikropartikler er kendetegnet ved, at de har en stor overflade i forhold til deres volumen, og denne
overflade menes at danne grobund for bakterier. Partiklernes ringe stgrrelse ggr, at de er sveere at fjerne,
og der mangler viden pa omradet om praktisk anvendelige teknologier til formalet.

Formalet med dette Ph.d. studie var at afdeekke mikropartiklernes indvirkning pa vandkvaliteten og
fiskenes vaekst i RAS, samt at tilvejebringe metoder og teknologier til at kontrollere forekomsten af
mikropartikler i RAS.

Afhandlingen er en opsummering af publicerede og ikke publicerede data oparbejdet i Igbet af de sidste
3% ar og inkluderer fire videnskabelige manuskripter.

Det fgrste manuskript (Paper 1) afdaekker forekomsten af mikropartikler pa danske modeldambrug samt
den bakterielle aktivitet i anlaeggene. Der blev over en kort periode indsamlet vandprgver fra 20 forskellige
RAS enheder fordelt pa syv modeldambrug, og pr@verne blev analyseret for indholdet af mikropartikler og
bakteriel aktivitet. Resultaterne viste, at der var en stor variation i mangden af mikropartikler bade mellem
modeldambrug og mellem de enkelte RAS enheder, hvilket understgtter, at forekomsten af mikropartikler
er underlagt systemspecifikke forhold. En staerk korrelation (r = 0.92) mellem mikropartiklernes
overfladeareal og den bakterielle aktivitet i vandet understgttede desuden hypotesen om, at
mikropartiklernes overflade danner grobund for bakterievaekst i mindre intensive RAS.

Det andet manuskript (Paper Il) undersgger, i hvilket omfang ultraviolet straling (UV) og mikrofiltrering
(1 um) kan kontrollere forekomsten af mikropartikler i RAS til opdraet af regnbuegrreder. Desuden
undersgger det hvorvidt mikropartiker i sig selv bestar af bakterier. Et 2’-faktorforsgg med 3 gentagelser pr.
faktorkombination blev udfgrt i 12 ens pilotskala RAS over en periode pa 13 uger. Bade mikrofiltrering og
UV behandling havde stor indvirkning pa forekomsten af mikropartikler inklusiv en reduktion i bade antal
og volumen. Mikrofiltrering fgrte saledes til et signifikant fald i partikelvolumen (89%), partikelantal (50%),
og bakteriel aktivitet (54%). Til sammenligning fgrte UV strdling til en signifikant reduktion i antallet af
partikler (74%) og bakteriel aktivitet (89%). Kombinationen af de to metoder reducerede forekomsten af
mikropartikler med ca. 88% samt den bakterielle aktivitet med 95%. Desuden viste studiet, at levende
mikroorganismer udgjorde mindst 64% af partikerne i forhold til antal og 30% i forhold til volumen.

Det tredje manuskript (Paper Ill) undersgger indvirkningen af prgveopbevaring (temperatur og
varighed) pa analysen af mikropartikler og bakteriel aktivitet. Vandprgver fra to forskellige RAS blev
opbevaret ved hhv. rumtemperatur og 4°C, og andringer i partikelantal, volumen, og overfladeareal samt
endringer i bakteriel aktivitet blev fulgt i 72 timer. | tillzeg blev andre prgver opbevaret ved -20°C og
analyseret for mikropartikler og bakterieaktivitet efter optgning. Der var stor forskel i udviklingen i
prgverne fra de to RAS. For det ene system skete der en stor stigning i bakterieaktivitet og i antallet af
mikropartikler i Igbet af de fgrste 3 timer. Til sammenligning forblev antallet af mikropartikler og
bakterieaktiviteten i prgverne fra det andet system stabil i de fgrste 6 timer, hvorefter de begyndte at



falde. For begge systemer understgttede resultaterne, at andringerne i mikropartikler er styret af
bakterier. Resultaterne viste desuden, at vandprgver ikke ma fryses forud for analyser af mikropartikler og
bakteriel aktivitet.

Det sidste manuskript (Paper IV) undersgger i hvilket omfang proteinskimmere og ozonering kan
kontrollere forekomsten af mikropartikler, bakterieaktivitet, samt ophobningen af organisk stof i vandfasen
og i biofiltere i RAS til opdreet af regnbuegrreder i ferskvand. Et 2*-faktorforsgg blev gennemfgrt i 12 ens
pilotskala RAS over en periode pa 8 uger, og effekterne af de to teknologier, anvendt hver isar eller i
kombination, blev bestemt. Ozonering reducerede antallet af partikler med mere end 83% og
bakterieaktiviteten med 48%. Til sammenligning reducerede proteinskimmere antallet af partikler med
54%, partikelvolumenet med 62%, og bakterieaktiviteten med mere end 54%. Kombinationen af de to
teknologier forte til et fald pa ca. 90% i antallet af partiker og bakteriel aktivitet samt en 75% fjernelse af
organisk stof (Bls). Resultaterne understgtter tidligere undersggelser af ozons effekt i RAS. Desuden viser
de, at proteinskimmere er lige sa effektive i ferskvand som det observeret i saltvand. Samlet set peger
resultaterne pa, at proteinskimmere - isaer i kombination med ozon - fremadrettet vil kunne bruges som en
effektiv metode til at kontrollere indholdet af organisk stof i RAS til ferskvandsopdraet.

De resulterende fysisk-kemiske andringer i vandkvaliteten malt i Paper Il og IV havde ingen paviselig
indvirkning pa fiskene, hvilket understgtter, at regnbuegrreder generelt har en hgj tolerance i forhold til
mikropartikler i vandet.

Samlet set understgtter afhandlingen, at det vha. forskellige, kendte teknologier er muligt at kontrollere
forekomsten af mikropartikler i RAS og som fglger deraf forbedre den fysisk-kemiske vandkvalitet
signifikant. Desuden understgtter afhandlingen, at regnbuegrreder har en hgj tolerancetaerskel i forhold til
indholdet af mikropartikler i vandet.

Afhandlingen understgtter desuden, at mikropartikler og bakterier langt hen ad vejen er to sider af
samme sag. Mens overfladen af mikropartikler formentlig er afggrende for bakteriedynamikken i mindre
intensive RAS, er det tilsyneladende forekomsten af bakterier, der styrer dynamikken af mikropartikler i
mere intensive RAS. | begge tilfeelde er indholdet af organisk stof formentlig afggrende for forekomsten af
mikropartikler.

| overensstemmelse med observationer i industrien, understgtter Paper Il og IV, at det er muligt at
kontrollere forekomsten af mikropartiker i RAS bl.a. ved hjaelp af desinfektion. Desinfektion fjerner
imidlertid ikke organisk stof, der er det egentlig problem i forhold til bakterieveekst. Som vist i Paper Il og IV
vil en fjernelse af organisk stof i RAS saledes ikke kun reducere forekomsten af mikropartikler, men vil ogsa
fierne selve arsagen til, at de forekommer.
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1. Introduction and Background

Tighter environmental regulations and a need to improve fish production have led to the development
of recirculation aquaculture systems (RAS). As the name implies, in RAS water is recirculated through the
production loop multiple times before being discharged. RAS provide several advantages compared to
traditional flow-through systems and open net sea cages, including stable productions conditions year-
round, increased biosecurity, increased control over escapes and a better conditions for water treatment,
resulting in lower discharge to the environment and lower water usage per kilo of fish produced (Badiola et
al., 2012; Dalsgaard et al., 2013; Timmons and Ebeling, 2010; Verdegem et al., 2006). However, it also
comes with its set of new challenges.

Reduced water usage and prolonged retention time, while undoubtedly good for the environment, have
inherent problems for RAS. In flow through systems, the build-up of unwanted substances is controlled by
permanent water exchange. However RAS cannot rely on water exchange alone to control the build-up of
substances. In order to circumvent this problem RAS are equipped with difference types of treatments to
remove unwanted substances (fig. 1).

Organic matter (OM) build-up in RAS consists of both dissolved organic matter (DOM) and particulate
organic matter (POM). Build-up of OM has mostly been dealt with by dilution (water exchange) and
removal of POM. Removal of POM has mainly been achieved by removing particulate matter from RAS
using settling and micro screen filtration. Both methods are efficient at removing large particles, resulting in
effective removal of most of the particulate organic matter generated in the system (Davidson and
Summerfelt, 2005; Fernandes et al., 2015).

However, as our ability to remove large particles became better, focus was put on the fractions not
addressed by standard filtration technics: micro particles, here defined as particles below 100 um.

Micro particle build-up in RAS has been known since the 90’s (Cripps, 1995; Patterson et al., 1999). A
lack of direct addressing, coupled to a decrease in water exchange, leads to a large build-up of micro
particles in RAS.

While the knowledge that micro particles are present in large numbers in RAS has been availed for a
long time, their origins, implications and ways to address them has been less clear.

Previous studies have shown that several factors result in the breakage of large particles in to smaller
ones (e.g. Brinker and Rdsch, 2005), while internal components of RAS have been show to either trap or
create micro particles (Fernandes et al., 2016). Implications of micro particles for fish welfare have also long
been discussed, with their small size and high surface area to volume ratio considered a potential problem
for fish welfare (Bash et al., 2001; Bilotta and Brazier, 2008). However, clear evidence of negative impacts
of RAS generated micro particles is still lacking. In recent years, the connection between micro particles and
bacterial activity has also gained attention (Pedersen et al., 2017a).

Finally, methods and equipment to deal with the build-up of micro particles are still lacking. Most
filtration methods typically applied to aquaculture are either unable to deal with the smallest fractions of
micro particles (e.g. drum filters) or have lacked scientific validation (e.g. foam fractionators). This typically
results in systems dominated by particles below 20 um (Chen et al., 1993; Fernandes et al., 2014).

With an increasing number of new RAS facilities being built, together with increased focus on higher
intensity of recirculation, the risk of high levels of micro particles and potential negative impacts is high.
Therefore, knowledge on the origins of micro particles, their implications and potential ways to remove
them becomes essential.
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2. Aim and Objectives
The main aim of this PhD was to further develop our understanding of micro particles in RAS, focusing
on:
1. The origins and levels of micro particles in RAS facilities.
2. Possible implications of micro particles on RAS and on the fish within RAS.
3. Ways to control the level of micro particles in RAS.

To achieve this, four trials were carried out:

Trial 1. The levels of micro particles were measured across 20 different commercial RAS in 7
different farms across Denmark, in order to determine: 1) the actual levels present in
commercial systems and 2) analyse the variation in numbers of micro particles both across
farms and within the same farm. Correlations between micro particles and other water quality
parameters were also studied. Paper |

Trial 2. Effects of using UV irradiation and micro filtration on micro particles and bacterial activity
were assessed in 12 replicated pilot scale RAS. Besides assessing the potential for controlling
micro particles with these technologies, an attempt was made to evaluate the proportion of
micro particles that is composed of bacteria. Implications on other water quality parameters
and fish heath were also included in the trial. Paper Il

Trial 3. The implication of sample storage on micro particle analysis was tested. Samples from two
RAS were collected and stored for up to 72 hours at different temperature, including freezing.
Subsequently the samples were analysed for micro particles and bacterial activity. Paper Il

Trial 4. The objective of trial 4 was to access the impact of foam fractionators and ozone (alone and
combined) in the build-up of micro particles in fresh water RAS. The trial was conducted in 12
replicated pilot scale RAS. Multiple water quality and biofilter parameters were assessed to
determine the implications on a system level (as opposed to only testing the water). Fish
welfare was also analysed to determine potential impacts. Paper IV
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3. RAS

RAS can be classified based on its feed loading, which is the amount of feed used per m® of water used
(make-up water, MUW), as well as the degree of recirculation determined as the degree of water reuse in
the system. According to Martins et al. (2010), systems can broadly be split in to four categories based on
feed loading: flow through (<0.02 kg feed / m®> MUW) , re-use (0.02 to 1 kg feed / m* MUW), conventional
RAS (1 to 10 kg feed / m® MUW) and next generation RAS (>10 kg feed / m*> MUW).

The higher the level of recirculation or feed loading, the smaller is the amount of water used in the
production (Colt, 2006; Pedersen et al., 2012).

In order to keep good water quality with increased levels of recirculation, multiple systems are
employed to treat the water, and with increased levels of recirculation, more technology needs to be
applied (fig. 1).
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Figure 1. Degree of recirculation vs requirement for treatment units (reproduced from Rojas-Tirado et
al., 2018, modified from Fernandes 2015)

RAS facilities are generally composed by a few core components (fig. 2), including rearing tanks, primary
solids removal, biofilters and oxygenation. Other components like degassing, disinfection or fine solids
removal may also be applied. Combined, these systems keep water quality controlled, allowing for its reuse
multiple times and increasing RAS overall retention time.

3.1. Organic build-up in RAS

Build-up of compounds in aquaculture, whether they are particulate or dissolved, is controlled by the
amount added in to the system and the amount exported out of the system. The input side is relatively
straight forward, as it is mostly a function of feed applied (Dalsgaard and Pedersen, 2011), although, as will
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be discussed later, changes in this parameter can have large implications on water quality. The exportation
of nutrients, on the other end, is more complex as it involves all actions in which nutrients are removed
from the system. These can be, for example, primary solids removal (e.g. settlers and drum filters), micro
filtration, harvesting of biomass, water exchange and backwash of biofilters.

This leads to one of the challenges of RAS: in a flow through facility or partially recirculation
aquaculture, the build-up of organic and inorganic substances is kept under control by dilution in new
water and exported out of the system with water changes. In high intensity RAS facilities, due to the low
water exchange, this is not a possibility. This can lead to the build-up of large amounts of organic matter
(both dissolved and particulate) in RAS, which will have a direct impact in the systems carrying capacity
(Vadstein et al., 1993).

Figure 2. Typical RAS facilities in Denmark. a) Model trout farm b) Indoor RAS facility. 1 — Fish
tanks; 2 — drum filters; 3 — biofilters; 4 — degassing; 5 — Oxygen cones; 6 — Ultraviolet disinfection

13



3.2. Carrying capacity

Central to the discussion about micro particles in RAS is the concept of system carrying capacity.
Carrying capacity is generally defined as the maximum stable biomass that a system can sustain. As
mentioned before, the longer retention times in RAS can lead to an increase in organic matter and thereby
in the systems carrying capacity. The concept of carrying capacity was first introduced in aquaculture by
Vadstein et al. (1993). The authors propose that RAS as a way to improve survivability of marine larvae by
maintaining stable microbial communities at carrying capacity. This in turn would have a positive effect on
larval development and survival, while at the same time keeping unwanted bacteria away by non-harmful
bacteria occupying all available substrate. Carrying capacity is mainly affected by the input of organic
matter (in both dissolved and particulate form) and the exportation of nutrients (Vadstein et al., 1993).

Throughout this thesis, the concept of carrying capacity, as well as its implications on micro particles will
be further discussed.

3.3. Micro particles

Perhaps the closest and most accepted definition of micro particles is given by Timmons and Ebeling
(2010). Here, the authors divide particles in dissolved (<0.001 um), colloidal (0.001 to 1 um), super-colloidal
(“fines” 1 to 100 um) and settleable solids (>100 um) (fig. 3). Generally, “fines” (1 to 100 um) are the
particles considered as micro particles and the fraction which is most problematic since it does not settle
easily.
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Figure 3. Solid size distribution in aquaculture waters. (Adapted from Timmons and Ebeling, 2010)

Due to their very small size, micro particles are typically not removed by normal filtration methods
applied to RAS and therefore build-up, sometimes to very large amounts.

Micro particles in RAS have been studied since the 90’s and early 2000’s (Cripps, 1995; Patterson et al.,
2003, 1999; Patterson and Watts, 2003a, 2003b).

Recently micro particles has received increased attention from the industry and scientific communities
as micro particles are assumed to have negative impacts on fish, both directly and indirectly (Colt, 2006;
Martins et al., 2010). Furthermore, recent research has shown a connection between micro particles and
bacteria in RAS (Pedersen et al., 2017, Paper ).

The lower water exchange rates used in modern RAS facilities is thought to exacerbate the build-up of
micro particles in RAS, in the same way as NO;™ build-up.

However, despite a large focus on micro particles in recent years, some large gaps remain in our
knowledge about micro particles. Differences in equipment used and the different methods applied to
measure particulate matter and specifically micro particles in RAS result in large variations in the published
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scientific data, most of the times making comparisons and analysing trends in aquaculture systems difficult,
as will be further discussed later in this thesis.

Furthermore, the very nature of micro particles makes them hard to work with, even from a sampling
point of view. During the trials discussed in Paper lll, the storage of RAS water for a period as short as 3
hours and kept in a fridge resulted in an increase of more than 35% in the number of micro particles (fig. 4).
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Figure 4. Changes in the number of micro particles during a 72 hour storage trial. Samples were kept at
room temperature, at 4°C and frozen, and tested at different time intervals. The results showed large
increases in the amounts of micro particles present in the systems, even when stored at low temperatures
(Adapted from Paper lll).

Such large changes in the numbers of particles in such a short period make analysing particles and their
interactions even more difficult.

While both the research community and industry are aware of the build-up of micro particles in RAS,
their origins, implications and ways to address this build-up are less clear and clear gaps remain in our
knowledge regarding micro particles.
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4. Micro particles in RAS

4.1. Particle size distribution

The first large description of the particle size distribution (PSD) in RAS was done by Patterson et al.
(1999). Their work was based on the findings by Sheldon and Parsons (1967) and Kavanaugh et al. (1980) in
other fields, and showed that the PSD in RAS has a near hyperbolic distribution. The near hyperbolic nature
allows for the transformation of data into the B value that describes the distribution of particles in a
system. In order to calculate the B value, particle data is reorganized in geometrical progressive size classes
in such a way that the ratio between the difference between maximum and minimum size class boundaries
(Ali) and the average diameter of the size class (Li*) is always equal (Table 1).

Table 1. Particle size class boundaries (l; and l,1), difference between maximum and minimum size class
boundaries (4/;), average diameter of the size class (L;x) and ratio between A4 and /;- (adapted from
Patterson et al., 1999).

Class I; Lt Aal; L ali/li’
1 1 1.26 0.26 1.13 0.23
2 1.26 1.59 0.33 1.425 0.23
3 1.59 2.00 0.41 1.795 0.23
4 2.00 2.52 0.52 2.26 0.23
5 2.52 3.18 0.66 2.85 0.23
6 3.18 4.00 0.82 3.59 0.23
7 4.00 5.04 1.04 4.52 0.23
8 5.04 6.34 1.30 5.69 0.23
9 6.34 8.00 1.66 7.17 0.23
10 8.00 10.10 2.10 9.05 0.23
11 10.10  12.70 2.60 11.4 0.23
12 12.70  16.00 3.30 14.35 0.23
13 16.00  20.20 4.20 18.1 0.23
14 20.20  25.40 5.20 22.8 0.23
15 25.40  32.00 6.60 28.7 0.23
16 32.00  40.30 8.30 36.15 0.23
17 4030 50.80  10.50  45.55 0.23
18 50.80  64.00  13.20 57.4 0.23
19 64.00 80.60  16.60 72.3 0.23
20 80.60  102.00  21.40 91.3 0.23
21 102.00 128.00  26.00 115 0.23

anv
Al
the number of particles, / is the particle size, A is an empirical constant and 8 is the slope.
A low B value (around 2) represents a system dominated by large particles, where most volume and
surface area are provided by the large particles, whilst a high B value (around 4) represents a system
dominated by small particles (Patterson et al., 1999) (fig. 5).

Based on this distribution, the B value can be calculated as log( N) =log A—f *logl, where N is
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This work has been fundamental for our understanding of PSD in RAS showing a build-up of micro
particles in RAS, with particles below 20 um accounting for the majority of particles. Another parameter
used to describe the PSD in RAS is the Surface Area to Volume ratio (A/V) (Fernandes et al., 2015). While
scientifically less elaborated, the A/V ratio is intuitively easier to understand as it describes the relationship
between surface area and volume of particles present in a system. Typically, a system dominated by large
particles will have a smaller A/V ratio, while a system dominated by small particles will have a lager A/V
ratio.

=]

Percentage Conlribution per Class
3.8 5 8.8
e

=
O
(]
=
=
3
i
oW
=
e
8
g

L
i 10
Parlicle Class Median Equivalent Diameter, um

0
o p=3
3
E Particle Number
g | Volume -
§ 200 \ 87 Area \/
5 I /
2 10
I A, o
-2 e e
1 i i -|a|.|.|‘I0 " i n-naa;&] A i L..‘H?m
Particle Class Median Equivalent Diameter, um
T0
5 60 p=4
im Particle Number
40
30
Volume
& 20- Surface Area
E 104
0+ ﬁ"""‘-o—o_-‘:‘-o—m-o—-—v—o—o—o—o-o—o

1 S wo 100 " 000
Particle Class Madian Equivalent Diameler, .om

Figure 5. Hypothetical particle contribution for the different metrics (number, volume and surface area)
depending on B value (reproduced from Patterson et al., 1999).
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Besides describing the PSD in a system, both the B value and A/V ratio are useful for determining if a
treatment has had an equal impact on all particles, or if it has affected different size particles differently. To
illustrate: a series of batch trials were conducted during the PhD applying foam fractionators with or
without ozone, using water from different commercial and pilot scale RAS, in 400l tanks filled with 200l of
water. The results indicated that foam fractionators preferential removed the larger particles, resulting in
an increase in both B value (from 4.1 to 4.4 approximately) and A/V ratio (from 1.5 to 1.9). The practical
implication of this was a larger removal of particle volume and almost no change in particle numbers (fig.
6).
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Figure 6. Changes (mean + SD, n=10) in the amount of micro particles (numbers and volume) in a trial
with fresh water foam fractionators with or without ozone (O3). Positive numbers indicate an increase,

while negative numbers represent a removal (own unpublished data, 2019).

While PSD is important for the understanding of particulate matter dynamics within RAS, it is not
enough by itself to draw conclusions on the amount of particles in a system and the potential effects of a
treatment. Both the B value and the A/V ratio are relative metrics, comparing the relative abundance of
each size of particles within a sample. As a conceptual example, two experimental treatments for removing
particles are used in batch trials. Treatment 1 results in the removal of large particles, while treatment 2
results in the breakage of large particles in to smaller particles. Both these treatments will result in a
relatively larger share of smaller particles, resulting in a higher final B value and A/V ratio. However, the
practical implications are very different, since one treatment results in the removal of particles from the
water, while the other results in the breakage of particles, potentially making them even more difficult to
remove. For this reason it is important to report the actual amount of particles in the water.

Particles can be reported as numbers, volume and surface area, and in many scientific articles only one
(or none) of these measurements is provided. This lack of information is particularly problematic in regards
to numbers vs volume. Due to scaling, a 10 um particle has the same volume of 1000 1 um particles, while a
100 um particle has a volume equal to 1,000,000 1 um particles. Likewise, the effects of particle breakage
can be easily seen in the surface area. For example, if a 50 um spherical particle is broken into 8 equal
spherical pieces, the volume is the same as the volume of the original particle, while the surface area
doubles (Fig. 7).
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Figure 7. Conceptual representation of the breakage of large particles into smaller
particles. A large particle that breaks down in to 8 equal sized particles retains the same
volume, but its surface area doubles.

4.2. Methods for determining particulate matter and micro particles
Reporting of micro particles is neither simple nor uniform across the scientific literature.

One of the most common ways to report the amount of solids in RAS is as total suspended solids (TSS)
(Bilotta and Brazier, 2008; Schumann and Brinker, 2020). TSS expresses the mass of solids per volume of
water (normally mg 1) and is obtained by filtering a water sample through a pre-weight filter (Standard
DS/EN 872). While the results obtained are easily understandable (mass of particles), its use for micro
particle analysis is limited. Particle volume scales up to the power of 3 with the increase in size, which
means that the weight of a large particle constitutes a relatively large share of the total mass, compared to
the weight of a small particle.

In order to analyse results relating to micro particles only, as defined in this dissertation, all particles
above 100 um would have to be filtered out. This would in all likelihood result in very low TSS values
affecting reliability (Cripps, 1995).

While TSS is typically reported in scientific articles, very few measurements have been published on the
different size fractions. One of such few studies was carried out by Cripps (1995) who analysed the
distribution of TSS across different particles sizes by sequential filtration. The analysis was conducted on
the effluent of a salmonid hatchery and showed that out of a total of 6.9 mg/I TSS, approximately 4.5 mg/|
were composed of particles smaller than 100 um.

TSS values from multiple aquaculture systems were compiled by Schumann and Brinker (2020), showing
values of TSS below 20 mg I"* across different types of production unites (fig. 8).

Turbidity is another indirect method for roughly assessing the amount of particles in the water. Like TSS
this measure does not distinguish between particle sizes. Sensors like the Solitax sc line (Hach, USA) provide
both a measurement of turbidity and TSS. However, importantly, both measurements read different
parameters and are influenced by different factors. Turbidity meters measure reflected light of particles in
the water column. This means that changes in the absorption of light in the water, e.g. due to the presence
of high amounts of dissolved substances, may affect the turbidity measurements if not corrected for.

While correlations between turbidity and TSS have been found in other fields (Pavanelli and Bigi, 2005),
correlations would have to be made for specific water matrixes and adjusted regularly to be of value.
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Figure 8. Range of TSS values in different salmonid aquaculture
systems (reproduced from Schumann and Brinker, 2020).

A correlation coefficient (r) of 0.94 was found between the volume of micro particles and the turbidity
levels in the trials described in Paper IV (fig. 9).

Perhaps the largest advantage of turbidity measurement is its simplicity and the fact that it is
commercially available as an online monitoring tool that may be used to track changes in water quality in
real time.
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Figure 9. Correlation between turbidity (Nephelometric Turbidity Units, NTU)
and particle volume of data collected during the trials described in Paper IV
(adapted from Paper IV).
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Many other methods can be used to estimate particulate matter, including biochemical oxygen demand
after 5 days (BODs) and chemical oxygen demand (COD) (Dalsgaard and Pedersen, 2011; Marquet et al.,
2007; Summerfelt et al., 1997; von Ahnen et al., 2016).

In order to estimate particulate BODs and COD, both total (unfiltered) samples and dissolved (filtered,
typically through a 0.45 um filter) samples are analysed (for both BODs and COD). The particulate fractions
are derived as the difference between total and dissolved BODs and COD. Like TSS, these analyses do not
differentiate between large and small particles.

Another problem with all methods mentioned is the discrepancy between size thresholds applied. While
micro particles are considered to be particles between 1 and 100 um, most metrics used to analyse
particulate matter use filtration sizes that do not match this size range. For example, dissolved COD and
BOD; are derived using a 0,45 um filter. On the other hand, TSS can apply 1.5 um filters (Standard Methods
2540D). While the difference might seem small, PSD analyses of multiple data sets collected during this PhD
have shown that the fraction between 1 and 1.6 um can account for over 10% of particles by volume.
Unfortunately, there is no ideal solution to this issue. While we could choose to use 1 um filters in all
samplings, this would mean parting with standards and would make it difficult to compare current and past
literature.

The most common method to measure and analyse micro particles is trough particle measurement
equipment (Brinker et al., 2005c; Fernandes et al., 2016, 2014; Patterson et al., 1999; Patterson and Watts,
2003a). The main advantage of this type of equipment is that it not only provides the numbers, volume and
surface area of particles, it also measures the PSD, allowing for a proper assessment of the micro particle
levels.

Three types of machines are commonly applied in aquaculture samples:

e Single Particle Optical Sensing - Light obscuration
e Llaser diffraction analysis
e Volumetric disturbance - coulter principle

More recently, Becke et al. (2020) used a particle size and shape analyser to determine the shape of
particles within aquaculture facilities. Shape analysers capture images of the particles going through the
machine and use specialized software to determine the shape of the particles and respective dimensions.
This technic has the obvious advantage of generating a “true” image of the particle, potentially allowing for
a most accurate calculation of particle surface area.

Utilizing this technic, Becke et al. (2020) measured particles in 6 different aquaculture systems (two flow
troughs, two semi RAS and two RAS). The results clearly pointed out that the assumption that particles are
spherical is not entirely correct, but that they are more shaped as an ellipse. This can have a large impact
when calculating different metrics, especially the surface area. A sphere is the shape with the smallest
possible surface area given a certain volume, and if particles are assumed spherical, it is safe to say that we
are always underestimating the true surface area. In the study mentioned above, using data from a system
with high levels of long and narrow shaped algae (and therefore the least sphericity), the authors found
that particle volume was 1.4 times higher if particles were assumed elliptical vs spherical, while the surface
area was 5.8 times higher.

A shortcoming of this technic is that currently can only analyse a narrow range of particle sizes, which
can exclude important fractions of micro particles, and it still relies on a two dimensional image to estimate
the size of a three dimensional object.
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5. Level of micro particles

Knowledge on the impact of micro particles in RAS is limited, and knowing which parameter (numbers,
volume and surface area) is more important and which should be reported is challenging.

Amongst the few articles comparing multiple systems, Patterson et al. (1999) compiled a data set of
multiple systems from multiple sources. In general, most systems analysed by the authors had a B value
above 3.8 (table 2), indicating that the systems were dominated by smaller particles.

However, most of the data sets were from experimental systems, while some were measured in flow
thought systems or using unknown apertures. While these data sets have been important to advance our
understanding of particle distributions within RAS, the comparison between systems is still challenging. In
the article by Patterson et al. (1999) only the size distribution is mentioned, while total numbers are not
reported.

Table 2. B values obtained by Patterson et al. (1999) from different data sets from multiple aquaculture
systems (adapted from Patterson et al., 1999).

B R Comment Source
294 0.994 Atlantic Salmon: flow-through system Cripps
4.24 0.996 Trout: recirc.; tank 1, section 1 Timmons

4.64 0.997 Trout: recirc.; tank 1, section 3

5.53 0.996 Trout: recirc.; tank 1, section 3; 21 days after set 2

439 0.997 Trout: recirc.; tank 3, section 3

431 0.998 Striped Bass: recirc.; tank 1, grab sample @ 11:00 Singh
3.52 0.998 Striped Bass: recirc.; tank 1, grab sample @ 15:00

3.84 0.998 Striped Bass: recirc.; tank 2, grab sample 2 h after feeding

3.94 0.993 Striped Bass: recirc.; tank 2, inflow to filter from central standpipe

447 0.995 Striped Bass: recirc.; tank 2, outflow from settling basin

3.86 0.996 Striped Bass: recirc.; tank 3: grab sample @ 15:00

3.86 0.995 Striped Bass: recirc.; tank 4: grab sample 3 h after feeding

3.16 0.975 Trout: recirc.; screens, foam fractionator in tank Chen
6.29 0.998 Trout: recirc.; clarifier w/RBC

3.04 0.977 Trout: recirc.; settling zone, sand and biofilter, O3

The results obtained during this PhD supports the findings that RAS are generally dominated by smaller
particles. This was the case for most of the 20 systems analysed in Paper I (fig. 10, tab. 3), with only one
system having a B value below 3.5 and 16 systems having B values above 3.7.

The results revealed large variations in the particle numbers across farms, but also within the same
farm. Samples were collected in systems with similar level of recirculation and feeding intensity, with the
results suggesting that system specific conditions were responsible for much of the variation observed.

The numbers presented in the report were from particles between 2 and 200 um. The full set of data is
presented in table 3, which also contains the data for all commercial facilities sampled during the course of
the PhD and some of the experimental set ups. The results obtained illustrate the wide spread of particles
in systems, as well as the variations in B values obtained.
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Figure 10. Micro particle numbers across 20 different RAS facilities (reproduced from Paper ).

Additionally to the 20 systems present in Paper I, four commercial systems and 26 pilot scale systems

were sampled during this PhD (table 3) and here only the pilot scale systems treated with ozone (Paper IV)
had B values below 3.7.

Table 3. Micro particle numbers, volume, surface area, 3 value and H202 degradation rate measured in

multiple systems (commercial and research) during this PhD.

Type of Number Volume Surface B H202 Species Additional
farm (million mI™)  (mm?®ml?) area value (k) treatment
(mm?ml?)
PS 3.34 0.026 35.0 4.16 0.667 R. trout
MTF 3.03 0.027 33.8 4.30 0.889 R. trout
PS 2.58 0.010 14.9 3.88 0.240 R. trout 1 um filter
PS 2.57 0.025 22.7 3.70 0.573 R. trout
MTF 2.50 0.014 21.5 4.04 0.406 R. trout
PS 2.33 0.012 22.5 3.69 0.169 R. trout
PS 2.31 0.058 37.2 3.88 0.262 R. trout
MTF 2.28 0.023 28.3 3.95 0.738 R. trout
MTF 2.24 0.017 19.7 3.92 0.308 R. trout
PS 2.23 0.063 44.8 3.90 0.392 R. trout 1 um filter
PS 2.07 0.063 34.8 3.62 0.838 R. trout
PS 1.91 0.032 26.8 3.77 0.527 R. trout
MTF 1.84 0.014 13.0 3.79 0.238 R. trout
MTF 1.82 0.022 20.5 3.86 1.410 R. trout
PS 1.68 0.016 20.9 4.15 0.604 R. trout Skimmer
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MTF — Model trout farm; PS — pilot scale RAS; R. trout — rainbow trout.
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Interestingly, the type of system (pilot scale with long retention time, MTF or indoor RAS facility) had
little influence on the amount of micro particles and their size distribution (B value), as can be seen in table
3. The results obtained indicate that design, treatment units and operational conditions are more
important for the level of micro particles and PSD. This coincides with the observations made by Schumann
and Brinker (2020) regarding the levels of TSS present in RAS, which is discussed in the next chapter.
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6. Origin of micro particles

In RAS, it is accepted that most particles are the result of the breakdown of faeces, feed spill and
microbial growth (Schumann and Brinker, 2020). The extent to which each of this components affects micro
particles is however unknown.

Oversimplifying the process, it can be said that beside the fish in RAS, the only common and large input
of organic matter to a RAS is through the addition of feed for the fish. As such, the search for the origin of
micro particles should start at this point.

6.1. Faeces

In the case of salmonids, the addition of 1 kg of feed results in the production of approximately 250 g of
particulate matter in the form of faeces (Chen et al., 1997; Timmons and Ebeling, 2010) or approximately
200 g kg feed in particulate COD (Dalsgaard and Pedersen, 2011).

If we couple this to the fact that systems are built similarly, it should be possible to estimate the amount
of micro particles produced in a specific farm.

However, the results of paper | suggest that despite our knowledge regarding faeces production by the
fish, systems still end up with very different amounts of micro particles, suggesting that other factors are at
play when it comes to the amount of micro particles in RAS.

Assuming that the amount of faeces produced by salmonids under normal commercial operating
conditions is stable, and that the biggest contributor to solids is faeces (Reid et al., 2009), it seems fair to
assume that the main factor determining the amount of solids in RAS would be the amount of feed
supplied. However, Schumann and Brinker (2020) found no correlation between stocking density and TSS
when comparing multiple salmonid RAS (fig. 11), and factors such as type of feed used, filtration applied,
general practices, hydraulics and uncontrolled sedimentation seem to influence the amount of solids in RAS
to a greater extent than the amount of feed provided.
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Figure 11. TSS load in function of stocking density collected from commercial, farm scale and
experimental systems from multiple published studies (reproduced from Schumann and Brinker, 2020).
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Faeces production is influenced by many different parameters, including species and age of fish (Clark et
al., 1985; Van Rijn, 2013), feed quality (Dalsgaard and Pedersen, 2011; Davidson et al., 2013; Unger and
Brinker, 2013) and water quality (Roque d’Orbcastel et al., 2009).

As mentioned in table 4, there are many factors that affect the PSD in RAS.

Table 4. Factors affecting particles within RAS (adapted from Fernandes, 2013).

Factor Mechanism Effect on particles System  Source
Time of day Fish more active Size decreases during FT Brinker and Résch (2005)
during the day the day RAS Patterson and Watts
(2003)
Aeration rate Destructive Size decreases with RAS Brambilla et al. (2008)
turbulence increased aeration
Shear forces Size decreases after a RAS Pfeiffer et al. (2008)
coupled to propeller-
destructive wash bead filter
turbulence
Size decreases and WWTP Melin et al. (2005)
load WWTP Leiknes et al. (2006)
increases with WWTP  Ahlet al. (2006)
aeration WWTP Ivanovic and Leiknes
rates in moving beds WWTP (2008)
RAS Ivanovic and Leiknes
(2012)
Fernandes et al. (2016)
Fish size Constructive and Size increases with FT Brinker and Résch (2005)
suspending decreasing fish size RAS Franco-Nava et al. (2004)
turbulence RAS Merino et al. (2007)
Distance from Differential Size decreases with FT Brinker and Résch (2005)
raceway bottom sedimentation increasing distance
Waterfalls Destructive Size decreases after a FT Brinker and Rosch (2005)
fragmentation waterfall
from the fall
Tank cleaning Biofilm scrapping Load increases shortly  FT Kelly et al. (1997)
from tank walls after routine cleaning
Pumps Centrifugal forces/  Size decreases within RAS McMillan et al. (2003)
Collision with the FT Sindilariu et al. (2009)
impellers pump RAS Fernandes et al. (2014)
Biofilm Biofilm Load and size increase  RAS Yang et al. (2001)
detachment after “old” fixed bed RAS Patterson and Watts
(shear/sloughing) biofilters RAS (2003)
RAS
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Quiescent zones

Degassing units

Ozone

Flow rate

Biofilter type

Entrapment within
the
media

Differential
sedimentation

Trickled

fragmentation

Flocculation

Turbulent vs.
laminar flow

Fixed bed Vs
moving bed

Load and size increase
after a fluidized sand
filter

Fixed media decreases
particle load

Particle size decreases
due to sedimentation

Size decreases during
the fall

Size increases after
contact

Turbulent flows
disintegrate particles

Aeration and mixing of
MBB result in
breakage of particles
FBB result in trapping
of particles

RAS

WWTP
WWTP

RAS
RAS

WWTP
WWTP
RAS
RAS
RAS
RAS

RAS
RAS
RAS

WWTP
RAS
WWTP
RAS

Franco-Nava et al.
(2004b)

Fernandes et al. (2014)
Pfeiffer et al. (2008)
Bouwer (1987)

Larsen and Harremoés
(1994)

Yang et al. (2001)
Fernandes et al. (2016)
Marquet et al. (1999)
Marquet et al. (2007)
Merino et al. (2007)
Fernandes et al. (2014)
Patterson and Watts
(2003)

Fernandes et al. (2014)
Rueter and Johnson
(1995)

Krumins et al (2001a)
Krumins et al. (2001b)
Maxey et al. (1996)
Franco-Nava et al. (2004)
Khan et al. (2011)
(Fernandes et al., 2016)

While all of the above factors affect particles, their effects on micro particles is less clear, although the

breakage of particles is likely to contribute to the increase in the numbers of micro particles.

Modern aquaculture feeds for RAS are designed and produced with faecal stability in mind, aiming at
producing faecal matter composed of large particles that can be easily settled out or removed by
mechanical filtration. Amongst the technics used to improve feeds in aquaculture is the use of feed binders
(Brinker, 2007; Brinker et al., 2005a, 2005b). Feed binders are added to the feeds in order to produce
faeces with a higher stability, or in other words, faeces that break up less, remaining more compact. This in

turn makes the removal of particles from RAS easier.

Under strong agitation for 8 minutes, faeces deriving from a basic trout diet were found to be composed
by over 75% of particles above 100 um in a study by Brinker (2007), and in improved diets (containing feed
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binders) this proportion increased to over 84%. In general, most of these particles can be easily removed by
a drum filter, suggesting that over 75% of particles generated by faeces are immediately removed.

Standard RAS design typically includes some sort of screen filter with a pore size typically ranging from
40 to 100 um, which has been shown to remove between 70 and 90% of particulate matter (Fernandes et
al., 2015).

The rest of particles are left behind, explaining the typical PSD described before, displaying an
exponential increase in numbers with the decrease in particle size.

6.2. Feed spill

Another potential source of micro particles in RAS is feed spill. Research into feed spill is much less
extensive than research into faeces produced, and currently there are only estimates on just how
important feed spill is in regards to micro particles. In broad terms, below 5% of the feed ends up as
uneaten feed (Bureau and Hua, 2010; Kokou and Fountoulaki, 2018; Reid et al., 2009). So in terms of
weight, for each kg of feed given to the fish, approximately 250 g of faeces are produced and less than 50
grams of feed spill is generated, suggesting that feed spill will contribute to at the most 1/6™ of the
particles and could therefore be considered a secondary component in the generation of micro particles.
However, as will be discussed later, it is not as simple.

6.3. Bacteria and other microorganisms

The final component that is generally considered important for the formation of micro particles is
bacteria biofilm. In the past, it has been mostly referenced to as bacterial biofilm released from biofilters.
However, research has shown that free swimming bacteria is an important part of RAS water quality (Rojas-
Tirado et al., 2018, 2016). Just how important free swimming bacteria are to micro particle numbers in RAS
is unknown, but in wastewater treatment it is commonly assumed that most particles are bacteria and
bacteria agglomerates, and particulate COD is commonly used to access the development of the bacterial
biomass (Miinch and Pollard, 1997; Contreras et al., 2002).

In paper Il an attempt was made to estimate the relative share that bacteria (and other microorganisms)
make of micro particles. This was done by examining the impacts of micro filtration and UV irradiation on
the development of micro particles and bacterial activity in 12 pilot scale RAS, stocked with rainbow trout,
three of which fitted with UVs and a 200 um filter, three fitted with 1 um filters, three fitted with both UVs
and 1 um filter and three final systems fitted with 200 um filters.

The UVs utilized produced only UVc radiation and the doses applied were not high enough to photo
oxidize the organic matter. Therefore, any alteration to the number and amount of micro particles present
in the system was probably the result of differences in the abundance of bacteria. At the same time the use
of 1 um filters should result in the direct removal of micro particles (both living organisms and inert
particles).

The results obtained during the trial showed a very low numbers of micro particles in systems fitted with
UVs compared to systems fitted with 1 um filters (fig. 12).
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Figure 12. Effects (mean + SD, n=9) of micro filtration, UVs and combination thereof, in the development of
micro particle numbers in pilot scale RAS. 200pum + UV: 200 um filter without UV; 200um + UV: 200 um
filter with UV; 1um + UV: 1 um filter without UV; 1um + UV: 1 um filter with UV (reproduced from Paper ).

When compared within each size of filter used, the use of UVs resulted in 64% less micro particles by
numbers in tanks fitted with 200 um filters and over 84 % less were found in the tanks fitted with 1 um
filters.

The lower number of micro particles was closely followed by very low bacterial activity in the system
(fig. 13).
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Figure 13. Changes in bacterial activity (expressed as the H,0, degradation rate constant) caused by the
utilization of 1um filters, UVs and a combination of both in pilot scale RAS. 200um + UV: 200 um filter
without UV; 200pum + UV: 200 um filter with UV; 1um + UV: 1 um filter without UV; 1um + UV: 1 um filter
with UV (reproduced from Paper Il).
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The results obtained in paper Il suggest that potentially 64% or more of micro particles in RAS are free
swimming and particle bounded bacteria present in the water (fig. 14).

Likewise, a large part of the organic matter present in the water seems to actually be bound in these
bacteria, as the reduction in bacterial activity was accompanied by approximately 30% reduction in the
volume of particles and approximately 25% reduction in total COD.
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Figure 14. Differences in the number of particles caused by the use of UVs in pilot scale RAS fitted with
1um and 200um filters (adapted from Paper II).

These results are supported by reports from the industry. A company that operate large UV banks
intermittently report that when UVs are turned off, the water transparency decreases (turbidity increases
as measured by secchi depth) to as little as 0.5 m. However, once the UV banks are turned on, the turbidity
clears up in less than 24 hours (personal communication). Like in Paper I, these observations suggest that a
large portion of the particles are living organisms.

Another observation from the industry is large changes in turbidity in very short time (less than 24
hours). As previously discussed, RAS are very stable systems with control input and export of nutrients and
particles. Assuming that no drastic changes in the input of feed or exportation of nutrients from the system
occurred, the more likely explanation to such large variations in turbidity is bacterial blooms.

In support of this, Rojas-Tirado et al. (2019) showed that adding acetate as a carbon source resulted in a
large increase in bacterial activity, coupled to a large increase in micro particles in the size range of 1 to 3
um (fig . 15).

Results obtained in Paper Ill seem to further support this. Here, storing RAS water samples at either
room temperature or 4°C resulted in very large increases in the number of micro particles measured in the
samples from RAS 2, in as little as 3 hours, even when stored at 4°C (fig. 4). The large increases in micro
particle numbers were also followed by large changes in bacterial activity, resulting in strong correlations
between both.

These results indicate that, at least from a numbers perspective, bacteria form a large proportion of
micro particles, if not the bulk.

The fact that bacteria may be responsible for a large part of micro particles in RAS may partly explain
why so large variations are found within similar systems and why large variations in water quality can
sometimes be observed in very short periods of time without any obvious explanations, both in commercial
and research facilities.
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Figure 15. PSD changes in RAS water samples spiked with different levels of
acetate. C: control; LC: low concentration; MC: medium concentration; HC: high
concentration (reproduced from Rojas-Tirado et al. 2019).

Paper Il also showed that particles of larger sizes are also impacted by the UVs. Despite the very large
changes in the numbers of micro particles in the trial, the changes in the B values were not very large.
Systems fitted with UVs had B values of 3.71 and 3.77 (respectively, fitted with 1 pm filter and 200 pm
filter), while systems that did not contain UVs had B values of 3.87 and 3.86 (respectively, fitted with 1 pm
filter and 200 um filter). Figure 16 shows the cumulative distribution of particles on the control treatment
and the UV treated water, and despite the large change in numbers, the relative proportion of each size
fraction remained similar. This could indicate that larger particles are also either composed (bioflocs) or at
least covered in bacteria that can be removed by UV filtration.

Another potential component of micro particles are microalgae. While this is not the most common
occurrence of indoor facilities, outdoor farms may be affected by microalgae blooms (Becke et al., 2020;
Moestrup et al., 2014). However, the prevalence and importance of microalgae in RAS is currently
unknown.

6.4. Organic matter

However, the results discussed before lead us back to the beginning of the discussion of input of organic
matter into RAS. While it is true that the majority of particles in RAS (by volume) are the result of faeces,
the fact that such a large portion of micro particles may actually be composed of living organisms suggest
that additional organic supplies may influence micro particle numbers trough the growth of
microorganisms.
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The breakdown of particles is clearly important to the generation of micro particles. In low intensity
systems it has been shown to be one of the main factors controlling bacterial activity by providing organic
matter and a place for bacteria to settle in. However, with the increase of recirculation intensity and
hydraulic retention time (HRT), studies have shown that bacterial activity becomes independent of the
amount of particulate matter (Pedersen et al., 2017a).
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Figure 16. Cumulative distribution (volume) of micro particles. Results of control systems vs systems
treated with UV (adapted from Paper Il).

Most solids contained in faeces are composed of undigested starch and fibres, as well as ash from bones
(Cho and Bureau, 1997). As mentioned before, 1 kg of feed produces approximately 200 g O, kg™ feed in
particulate COD on the faeces. However, the same amount of faeces only represents 32 g O, kg™ feed in
particulate BODs, suggesting a very low degradability (BOD / COD ratio of 0.16) (Srinivas, 2008). On the
other end, the dissolved fraction produced by the fish only produces 81 g O, kg™ feed in COD. However,
due to a BOD to COD ratio of 0.5 (average biodegradability), the amount of BOD is actually higher (41 g O,
kg™ feed in BODs) then the particulate BOD (Dalsgaard and Pedersen, 2011).

These results suggest that, dissolved organic matter available can promote growth of bacteria and other
microorganisms that compose a significant portion of micro particle (Leonard et al., 2002; Rojas-Tirado et
al., 2019).

This leads us back to feed spill. As mentioned before, feed spill contributes at most with 50 g per kg of
feed. Feed spill is normally considered as mostly uneaten pellets, which would easily be removed by settling
or mechanical filtration. However, there is also broken pellets and dust created during the extrusion
process, shipping, handling and feeding (e.g. feed blowers). The exact numbers for this are unfortunately
unknown, but it is likely they vary depending on the type of feed, the type of storage system and feeding
system, as well as how much handling is involved. Furthermore, different species of fish have different
feeding habits that could increase the amount of uneaten feed.

Considering that feed pellets are designed to be highly digestible, it is likely that even small amounts of
feed spill can contribute with large amounts of easily degradable material that bacteria can use to fuel
growth. Unfortunately, there is very little data on just how much feed spill influences the growth of
bacteria in RAS. We currently have a limited knowledge on the amount of feed spill (especially broken
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down pellets and dust), as well as the impacts that they have on microbial and micro particle dynamics.
However, it clearly illustrates that, at least from an organic supply for bacteria to grow, there is a potential
for additional large sources and therefore, more research should be put into understanding these effects.
These results may also explain why different quality feeds can have large impacts in water quality. Not
only will a lower digestibility result in higher excretion of faeces, composed of higher levels of organic
matter, but the pellets themselves may break more easily. This will, in all likelihoods, result in a cumulative
effect of a direct increase in particles and an increase in organic matter available for bacteria to utilize.
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7. Effects of micro particles

Particles have been considered problematic for the rearing of fish in RAS for a long time and their build-
up is considered one of the main issues in modern aquaculture (Badiola et al., 2012).

Effects of particles in RAS can be divided in 2 categories: direct impact on the fish and impact on the
system.

7.1. Direct impacts on fish

The impact of particles on fish is typically attributed to the impact particles have on the gills of fish, and
it is normally assumed that smaller particles pose a bigger risk for fish health then larger particles. Previous
work conducted with different species has shown negative effects of elevated TSS (Chapman et al., 1987;
Goldes et al., 1986; Lake and Hinch, 1999; Lu et al., 2018; Magor, 1988; Servizi and Martens, 1987; Wong et
al., 2013). However, most of these studies were conducted using sediments from natural systems like rivers
and the ocean and mostly of mineral origin. In addition, most of these trials were conducted with rather
high levels of TSS (up to 40 g I""), much higher than what is typically found in RAS.

Recent work conducted with rainbow trout showed no direct impacts of particles on this species (Becke
et al., 2019, 2018, 2017; Fernandes, 2013; Michel et al., 2013, Paper Il and Paper IV).

Michel et al. (2013) found no damage in the gills of rainbow trout exposed to pulse doses of mineral
solids. Similarly, Fernandes (2013) found no indication of changes in the gills structure during trials with
micro particles in pilot scaled RAS.

In a short-term exposure trial, Becke et al. (2017) found no significant impacts of increase suspended
solids (up to 30 mg I') on rainbow trout compared to a control exposure (maximum of 5 mg I™). In a
subsequent trial, Becke et al. (2018) compared fish in a control group exposed to TSS of 3.9 mg | against a
treatment group exposed to over 30 mg I TSS for 18 weeks. The authors analysed different health
indicators including fin condition, hematologic samples, gill histology, heat shock protein 70, as well as
growth parameters, and found no differences at the end of the trial, suggesting that rainbow trout are
highly resilient to high suspended solid loads.

In order to test if a cumulative impact of high suspended solids in combination with a second stressor
would impact rainbow trout, Becke et al. (2019) exposed rainbow trout to elevated levels of TSS (>35 mg I™
TSS), and increased levels of ammonia (from 0.005 mg I to 0.025mg I NHs-N) for a total experimental
time of 13 weeks. Like in previous studies, no negative impacts of high TSS values were found.

In Paper Il, rainbow trout were exposed to different levels of micro particles for a total period of 13
weeks (up to a 10 fold difference between the lower and highest exposers). However, no differences were
found in survival or growth. A number of health parameters (not published) were also analysed in samples
of gill mucus, skin mucus and in the plasma, but no differences related to the trial were found.

In Paper IV, rainbow trout were similarly exposed to different levels of micro particles (as a result of the
different treatments) and no differences were found in growth rates or survival.

Most recent results seem to indicate that rainbow trout are generally largely tolerant to large amounts
of micro particles and elevated levels of TSS without obvious negative implications. It is however possible
that potential negative impact of particles is species specific, due to different tolerances and potential
exposures in their natural environments, so further research should be conducted in different species.

7.2. Impacts on systems
The build-up of micro particles in RAS can lead to deterioration of water quality, including increased
turbidity, decrease UVT, increased bacterial activity, increased oxygen consumption and clogging of filters.
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Increase turbidity can cause visual impairment and reduce feed intake in salmonids (Ali, 1959; Barrett et
al., 1992; De Robertis et al., 2003) as well as a delay in feed intake (Becke et al., 2017). While increased
turbidity has been shown to reduce the aggression between Coho salmon, the levels of turbidity required
for that (30 to 60 NTU) are much higher than typically found in RAS facilities (Berg and Northcote, 1985).

The build-up of particles can also lead to a reduction in the efficiency of disinfectants, by providing
protection for microorganisms. This is especially relevant when using UV (Carré et al., 2018; Hess-Erga et
al., 2008; Mamane, 2008; Qualls et al., 1983), as the increase in particle loads leads to a decrease in the
ultraviolet transmittance (UVT) (Paper IV).

Another implication of particle build-up in RAS is the increase in available organic matter. Build-up of
organic matter can lead to an increase clogging of biofilters and reduced nitrification efficiency by providing
additional carbon for heterotrophic bacteria (Chen et al., 2006; Guerdat et al., 2011; Michaud et al., 2006;
Zhu and Chen, 2001). Heterotrophic bacteria grow much faster than nitrifiers and the extra availability of
organic matter may lead to heterotrophic bacteria outcompeting nitrifiers in the biofilters (Hagopian and
Riley, 1998). The increase in heterotrophic bacteria is also likely to increase oxygen consumption, resulting
in less oxygen availability for proper biofilter performance (Wanner and Gujer, 1984; Zhang et al., 1994).

Likewise, the build-up of organic matter in RAS is responsible for the production of hydrogen sulphide
(H,S) (Letelier-Gordo et al., 2020), which has been linked to several large scale mortality events in
commercial facilities in recent years (Dalsgaard, 2019). The importance of micro particles in this regard is
still unknown. However, due to the large prevalence of this type of particles in RAS facilities, as well as the
amount of organic matter contained within, it is likely that micro particles play a part in these events.

Strong correlations between micro particle surface area and bacteria activity has been found in
commercial trout facilities, as well as in experimental RAS (Pedersen et al., 2017; Paper 1). Pedersen et al.
(2017) first suggested that in low intensity RAS, particle surface area is essential for supporting bacterial
activity by providing surface area that bacteria can grow on, as well as substrate to support their growth.
The authors examined the correlation between the surface area of particles above 5 um and bacterial
activity in different RAS (two model trout farms, a low intensity experimental RAS and 12 high intensity
RAS) and found correlations between 0,858 and 0.928 (fig. 17). However, the correlation disappeared in
higher intensity systems (feed loading of 3.1 kg m™ MUW). The authors suggested that this could be caused
by the build-up of DOM which could potentially sustain all the bacteria in the system. Another possible
explanation given by the authors was the possibility of the build-up of particles bellow 5 um, which were
not measured in the study.

In Paper | of this dissertation, a similar pattern was found when 20 RAS in 7 different trout farms were
analysed. A correlation of 0.8 was found between micro particle surface area and bacterial activity. The
correlation was substantially higher (0.92) when only surface area of particles above 10 um was considered,
and thereby excluding most free swimming bacteria, sustaining the hypothesis that the surface area
provided by micro particles is important for controlling bacterial activity in lower intensity RAS (fig 18).
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Figure 17. Correlation between bacterial activity and particle surface area in different RAS systems

Figure 18. Relation between micro particle surface area and bacterial activity across 20 different RAS, in

MTF | wetland
12000
r=0918
p=9738x 10"
10000{ "= o
A
8 A
8000 - A
B
Bce q B
6000 + c
c
o 0:¢ R
o
4000 +
EE
2000 5" -
[ . v v v . - . . "
00 02 04 06 08 10 12 14 18 18
TSA (mm?/ml)
8.5 m’ pilot scale RAS
250x10°
r=0928
p=127710" 4
200x10°{ n=28 L
15010 ~
. . L
.
. .
100x10° o o
L )
® o
LI,
50x10° ., *
,C
.
0 v
0 1 2 3 4 5 6 7 8
TSA (mm/mi)

MTF Il wetland
50000
r=0.858
p=433x10%
n=15 A
40000 -
>
S, 30000 A
E' A
¥ ] .
§ 2000 .
£
8
o
10000 E s
c
ED
0 v -
0 1 2 3 4 5
TSA (mm?/mi)
Twelve 1.7 m® pilot scale RAS
"o System __ Symbol r n
s All 0240 0035 7
Nomesh x 0.340 0.132 2
500¢10° - 100 pm a] 0512 0018 2
L4 60pm . 0079 0789 1
3 20um o 0265 0245 2
§ 400x10° <
= .
g w0104 L X ox o ox
o A o x
3 ¥ oge Sex
200x10? 4 o x
} *o x o
° hd Oy o Xo x
100x10° o
E %
o
a Xe o
0 v v v \
0 2 4 6 8 10 12 14
TSA (mm?/mi)

(reproduced from Pedersen et al., 2017).

1,4 -
1,2 -

0,8 -
0,6 -
0,4 -
0,2 -

(k)

Bacterial activity

R=0.92

1,

00 1,50

2,00 2,50

Surface area (mm?2 ml?)

3,00

3,50

BWFarm1l AFarm2 XFarm3 XFarm4 @Farm5 +Farm6 ®Farm7

7 different farms (adapted from Paper 1).

37



8. Control of micro particles

The main reason why micro particles have been considered so problematic over time is the difficulty in
removing them. While a large fraction of particles can be addressed by different types of filtration, particles
below 30 um are extremely difficult to remove.

Particle removal in aquaculture is mainly controlled via settling or mechanical filtration (fig. 19).
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Figure 19. Particle removal devises based on particle size (adapted from Timmons and
Ebeling, 2010)

8.1. Primary solids removal

In order to maintain good water quality parameters and allow for increased levels of recirculation,
primary solids removal is essential (Cripps and Bergheim, 2000; Timmons and Ebeling, 2010).

The main solid waste generated in aquaculture is the faeces produced by the fish (Reid et al., 2009).
Primary solids removal is typically achieved using settling devices and mechanical filtration (normally mesh
filters). While many new technologies are being tested and used to reduce the build-up of finer solids, it
should be stated from the beginning that there is no replacement for proper primary solids removal. Solids
should be removed fast and gently out of the system as soon as possible. This is essential as larger solids
are much easier to remove than smaller particles (Timmons and Ebeling, 2010) and solids (both faeces and
feed spill) can leach dissolved nutrients and organic matter that will build-up in the system.

Settling can be achieved in the tanks and the sludge collected in sludge cones (typical in raceways at
MTF) (Jokumsen and Svendsen, 2010), or through the use of specialized settling equipment like swirl
separators and radial settlers. While all this mechanisms work well, they only work on large particles
(normally over 100 um) and can take a considerable amount of space due to the necessity of a low water
velocity that allows for settling of the particles (Davidson and Summerfelt, 2005).

Swirl separators and radial settlers have the advantage over settling basins as they allow for much
higher hydraulic loads to be used (Lekang, 2007). However, even though they are more efficient, they will
still only remove larger particles.
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Drum filters can be equipped with very fine meshes. In theory this would allow for an increase removal
of micro particles. However, drum filters seem to have a threshold at which point reducing the size of the
mesh does not increase removal efficiency (fig. 20) (Fernandes et al., 2015). This may be caused by “cake
filtration” (Dolan et al., 2013). Cake filtration refers to the layer of organic matter that accumulates on the
filter mesh and reduces the pore size. While cake filtration may trap smaller particles, it decreases the flow
through the filter and increases backwashing frequency, resulting in higher operation costs.
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Figure 20. Mesh size effects on TSS in pilot scale RAS (reproduced from Fernandes et al., 2015).

In addition, a smaller mesh size requires a larger filter to process the same amount of water. Dolan et al.
(2013) showed that a reduction in mesh size from 100 um to 40 um resulted in the flow being reduced by
2/3 (Fig. 21). This would result in the necessity to increase the size of the filter to about triple the size,
which is both costly in terms of acquisition, but also impractical due to potential space limitations,
especially in indoor facilities. Nevertheless, some companies operate drum filters with different mesh sizes
to try to reduce some of the smaller particles.
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8.2. Biofilters

At the centre of a RAS there is typically a biofilter. Biofilters are used to convert ammonium (NH,") to
nitrite (NO,) and nitrite to nitrate (NOj3) (Gutierrez-Wing and Malone, 2006). This process is employed as
NOj; is not toxic compared to NH,".

In RAS, biofilters are typically composed of an inert carrier (Fdz-Polanco et al., 2000). This carrier
provides a place for bacteria to grow and stops them from being washed out of the biofilter. Biofilters are
commonly operated as fixed bed biofilters (FBB) or moving bed biofilters (MBB), or in some instances a
combination of both (Fig. 22) (Gutierrez-Wing and Malone, 2006; Timmons and Ebeling, 2010).

In FBB, the media is generally fixed and undisturbed during normal operation. This leads to a build-up of
bacteria and organic matter, requiring that the biofilter is backwashed at regular intervals. MBB on the
other hand, are normally kept mixed by a constant supply of air. This permanent aeration enables MBB to
stay relatively “clean” and to operate at a constant rate without the need for backwashing (Lekang, 2007;

Timmons and Ebeling, 2010). Both types of filters offer advantages and disadvantages.

Figure 22. Different types of biofilters present in RAS facilities. Blue arrows indicate water inflow to the
biofilter, green arrows indicate water outflow from the biofilter and red arrows indicate media movement.
From left to right: FBB; MBB; Combined MBB in the bottom and FBB in the top.

Due to the nature of FBB, these tend to work as particle sinks where particles get trapped (fig. 23)
(Fernandes et al., 2016). However, in order to stop biofilters from clogging and to maintain optimal
performance, FBB need to be backwashed frequently. The backwashing of biofilters works as a nutrient
export mechanism.

MBB on the other end, are permanently aerated. This aeration ensures that the media is constantly
mixing. Due to their operation, MBB are self-cleaning and do not require backwashing, making their
operation more stable. However, due to the constant cleaning and shedding of organic material from the
media carriers, moving bed biofilters tend to produce particles in RAS.
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In recent years, companies have been implementing a combination of moving and fixed bed biofilters in
order to obtain the benefits of both systems (stable, work “free” operation of MBB and particle entrapment
of FBB). This has been achieved in two ways: different biofilter sections in series, where the last section is
composed of a FBB, or up-flow biofilters using media with different densities, resulting in a mixed area at
the bottom and a tightly packed section at the top of the biofilter, created by the use of low density
(floating) media (fig. 23). Despite the positive results obtained by the industry utilizing these technics,
scientifically we know very little about the impacts it has on water quality (micro particles, bacteria and
organic matter build-up), since very few controlled studies have been conducted on the impact of different
biofilter types in RAS.
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Figure 23. Net changes in particles over fixed bed and moving beds biofilters. a) number of particles b)
Surface area of particles c) Volume of particles (reproduced from Fernandes et al., 2016).

Recently, a replicated study was conducted on the implication of the combination of different biofilters
in the removal or generation of particles in RAS (Pulkkinen et al., 2019). The authors compared the use of
FBB, MBB and a combination of both (FBB followed by MBB). The results obtained confirmed the previous
work conducted by Fernandes et al. (2016), where MBB generated particles and FBB removed particles.
Interestingly, the number of particles in both systems remained similar, with the largest change coming
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from a large reduction in the volume of particles in the FBB, suggesting primarily a removal of large
particles. Another interesting observation was that the lower removal of solids by MBB vs FBB was partially
compensated by an increase in drum filter removal (fig. 24).
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Figure 24. Total solids removed by different components in systems operated with different
biofilter configurations. FF = two consecutive FBB, FM = FBB followed by MBB, and MM = two
consecutive MBB (reproduced form Pulkkinen et al., 2019).

8.3. Disinfection

As mentioned before, large parts of what are considered micro particles are in fact live organisms.
Therefore, disinfectants can also be used for reducing the overall load of micro particles and in general for
improving water quality parameters (Paper Il and Paper IV). In Paper Il, the use of UV resulted in large
reductions in the amount of micro particles (64% by numbers and 30% by volume) (fig. 25). However, while
the improvement in water quality was obvious, the fate of the organic matter reduced in the water was less
obvious. It is likely that part of that organic matter was stored within the biofilter.

In Paper IV ozone was used as a disinfectant and large reductions in the number of micro particles were
measured (75% reduction in numbers and approximately 20% reduction in volume of micro particles).
Another advantage caused by the use of ozone was an increase in the clarity of the water, in line with
previous studies (Davidson et al., 2011; Schroeder et al., 2011).

However, while it’s possible to reduce the number of micro particles by disinfection, it is unlikely that
the disinfectants, especially UV, will reduce the amount of organic matter in the system. At the same time
bacterial loads will be far from the systems carrying capacity meaning that there will be more organic
matter available that could give rise to blooms of pathogenic bacteria (Attramadal et al., 2012), if the
disinfection fails.

Due to this risk, emphasis should always be placed on removing organic matter from RAS. Direct
removal of organic matter will not only directly remove micro particles, but also remove substrate that can
otherwise be used by bacteria to multiply from.

8.4. Membrane filtration
Membrane filtration is potential tool for micro particle removal in RAS (C. Chiam and Sarbatly, 2011;
Fossmark et al., 2020; Holan et al., 2014a, 2014b, 2013; Huyben et al., 2018; Sharrer et al., 2007; Wold et
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al., 2014). Membrane filtration consists on the separation of particles and macro molecules from a liquid (C.
K. Chiam and Sarbatly, 2011; Hube et al., 2020), and can be split in 3 categories (Sahai, 2000):

e Micro filtration (0.1 — 10 um)

e  Ultrafiltration (0.001 — 0.1 um)

e Reverse osmosis (< 0.001 um)

Membrane filtration is operated as dead-end or cross-flow filters (fig. 25).
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Figure 25. Dead-end and cross flow filtration comparison (reproduced from Ambrosi et al., 2014).

In dead end filters all water is pressed trough the filter, similarly to drum filters. The disadvantage of
such systems is that, as particles build-up, the efficiency of the filtration is greatly reduced. In cross-flow
filtration the water runs parallel to the membrane. The water flow along the surface of the membrane
helps to keep it clean, ensuring a longer operation time between cleaning (Ambrosi et al., 2014; Sahai,
2000). Part of the water goes through the membrane (permeate) and moves back in to the system, leaving
behind the particles which are too big to go through the membrane. This will cause the concentration of
solids in the retentate (the water being filtered) to increase, requiring that part of it is discharged. New
water is added to the loop at a rate equal to the retentate discharged. This ensures that the system is kept
operating at a constant pressure. Despite the self-cleaning properties of cross-flow filtration, the
membranes still need to be back washed on a regular basis. This is done when the trans-membrane
pressure (TMP) (the difference between the pressure in the retentate and the permeate) is above a certain
threshold. Furthermore, on regular intervals (dependent on operational conditions), the membranes may
need to be clean utilizing specialized technics (e.g. chemical cleaning).

In recent years, membrane filtration has had significant attention in aquaculture as a potential method
to remove fine solids and generally improve water quality. Holan et al. (2014b) used a membrane
bioreactor (MBR) in the production of cod larvae (Gadus morhua) with the intent of removing colloidal
particles and fine solids. The membrane had a pore size of 0.05 um and resulted in a 77% reduction of
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turbidity and up to 80% reduction in bacteria numbers. As an effect, cod larvae growth rate increased 13%
by weight and survival rate increased by 3%.

More recently, Huyben et al. (2018) compared membrane filtration and UV in an attempt to control the
bacterial load in RAS. A membrane filter with a pore size of 0.01 um was installed in a side stream of a RAS
unit, while an UV unit treated the remaining water going to the rearing tanks. The membrane filter reduced
the total number of bacteria by 98.5% and TSS by 95%, while the UV reduced total bacteria by 99.6%.

Similarly to the work conducted by Holan et al. (2014b), Fossmark et al. (2020) compared the growth of
Atlantic salmon parr (Salmo salar) in RAS with and without membrane filters. The trial resulted in better
physicochemical water quality and in a more stable bacterial population.

While membrane filtration offers an excellent solution for the removal of micro particles, current cost
and complexity of operating it has kept the industry from adopting it (Viadero and Noblet, 2002). Fossmark
et al. (2020) estimated that the cost of running membrane filtration throughout the entire production cycle
of Atlantic Salmon could increase the cost by as much as 27%. It is likely that with time and development of
the technology the cost will be reduced.

8.5. Foam fractionation

Another option for the removal of micro particles is foam fractionation (protein skimming). Foam
fractionators remove organic matter by mixing air bubbles and water and creating foam. Surfactants are
the core of foam fractionation (fig. 26). Surfactants are molecules with both a hydrophobic and a
hydrophilic end. The hydrophobic end wants to leave the water phase, while the hydrophilic end wants to
remain in the water phase. This results in the hydrophilic end poking in to an air bubble, while the
hydrophilic end remains in the water. Surfactants are normally charged (positively or negatively). This
charge attracts molecules with opposite charges and, in doing so, produces foam (Brambilla et al., 2008;
Roy and Mohanty, 2019; Timmons and Ebeling, 2010).
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Figure 26. 1) Surfactants (blue and red molecules) are the drivers behind protein skimmers foam
formation. 2) The hydrophobic end (red circle) of a surfactant pokes into an air bubble, while the hydrophilic
end (blue circle) stays in the water. 3) The hydrophilic end is generally charged (positively or negatively) and

attracts molecules with opposite charges. 4) Air bubbles with their attached surfactants and additional
molecules join together forming foam.

Foam fractionators have been used for many years in aquaculture and their positive effects reported in
previous studies (Barrut et al., 2013; Brambilla et al., 2008; Chen et al., 1993; Shulin Chen et al., 1994; li et
al., 2020; Park et al., 2011; Weeks et al., 1992, Paper IV).
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Foam fractionators used in commercial operations are typically venturi or diffuser (sintered glass air
stones) driven (fig. 27).

One advantage of foam fractionators is their capability of removing, not only very small particles, but
also DOM (Chen et al., 1994). Foam fractionators have also been shown to remove bacteria and micro algae
from RAS water (Brambilla et al., 2008; Figueiras Guilherme et al., 2020; Park et al., 2011). Due to higher
surface tension in salt water, foam fractionators are typically only used in sea water and very little is known
about their applicability in fresh water.
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Figure 27. Foam fractionator schematic. Green arrows indicate water intake, red arrows indicate water
outflow and black arrows indicate air/ozone intake. a) Diffusor design b) Venturi design

A recent study by (Ji et al., 2020) is perhaps the first trial comparison the removal efficiency of foam
fractionators (in saltwater) with that of more traditional micro screen filtration. Results showed that foam
fractionators may have similar or higher removal rates than typical mesh sizes used in RAS (60 um, 90 um
and 120 um), resulting in removal rates of over 10% of solids per pass through the skimmer.

In Paper 1V, effects of foam fractionation in fresh water RAS with or without ozone were studied in 12
replicate pilot scale systems. Foam fractionators operated in systems without ozone removed
approximately 60% of all particles by number and 65% of all particles by volume (fig. 28). At the same time,
bacterial activity was reduced by 55 to 60% compared to control systems without skimmers. The
combination of foam fractionators and ozone resulted in the removal of approximately 90% of all particles
by numbers and 75% of particle volume and improvement in multiple water quality parameters were
observed. Interestingly, the use of protein skimmers also reduced the amount of DOM by approximately
20% (independently of the use of ozone).
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Figure 28. Effects of ozone, foam fractionators (FF) and the combined effect on different water quality
parameters (adapted from Paper V).

The results obtained using foam fractionators were similar to previous studies in saltwater (e.g. Barrut
et al., 2013; Brambilla et al., 2008; Park et al., 2011).

A downside typically attributed to foam fractionators is their inconsistency (Timmons and Ebeling,
2010), which can be caused by surface tension and presence of lipids in the water, which cause the bubbles
to coalescent. However, batch trials conducted during this PhD using water from a pilot scale fresh water
RAS and two commercial facilities (model trout farm and indoor pike perch facility) showed comparable
removal rates of micro particle volume (fig. 29). Across a total of 10 experimental trials conducted, there
was an approximately 20 to 35% removal of particle volume irrespective of the use of ozone. This suggests
that there is some level of stability in foam fractionator’s ability to remove organic matter from RAS.

The recent results obtained in studies utilizing foam fractionators indicate that they can be effective
tools in the removal of micro particles.
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Unlike the use of disinfectants for control of bacteria (and consequent reduction in the amount of micro
particles), technologies like membrane filtration and foam fractionators deal with the source of the
problems in RAS by directly removing large amounts of organic matter, including bacteria.
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Figure 29. Changes in the amount of micro particle volume in batch trials conducted with foam
fractionators (with and without ozone), using water from different freshwater RAS (pilot scale and
commercial) (own unpublished data, 2019).
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9. Beyond water quality

While the obvious place to look for micro particles in RAS is in the water phase, causes and implications
of micro particles in RAS go far beyond the water. The results obtained during this PhD and supported by
other studies, clearly indicate that, while micro particle build-up may have large direct implications on the
water phase in RAS, with large changes in multiple physicochemical parameters, micro particles seem to be
a symptom of a more underlying problem: organic matter build-up including both particulate and dissolved
fractions.

Results obtained in Paper Il suggest that, while micro particle build-up could be controlled in a fairly
simple way using primary solids removal devices and common disinfection methods, the organic matter
stays in the system. This may cause new problems (such as clogging of biofilters if organic matter
accumulates inside the biofilters or potential H,S production if organic matter deposits in areas with low
circulation). Furthermore, high levels of organic matter might work as a “ticking time bomb” as bacteria are
“artificially” maintained at a much lower level than the systems carrying capacity dictates. In case of a
disinfection malfunction or the introduction of bacteria with a higher resistance (e.g. UV), there is a high
risk of a large increase of fast growing bacteria.

Due to these factors, as well as the different interactions between all different parameters within a RAS
system, it should always be attempted to investigate, not only the water, but also biofilters and other areas
of a system that can accumulate organic matter, in order to analyse the true impacts caused by different
experimental treatments and fully assess whether the treatment is having a positive impact in the whole
system, or just transferring the “problem” to a “place out of sight”.

The large individual variation shown across commercial farms and across similarly operated pilot scale
research systems indicate that “each system is a system” (pers. comm. Per Bovbjerg Pedersen). Therefore,
when analysing the impacts of different treatments on a system, replication is essential as large individual
variations may obscure real effects of the treatments on a system wide level. Therefore, multiple systems
per treatment should be used. Using only two systems (Control and treatment system), while collecting
multiple samples from each system, does not constitute real replicates, but only pseudoreplicates (Heffner
et al., 1996). If not possible to use multiple systems, at least multiple runs of the same trial should be
conducted.

Despite the challenges caused by micro particles and bacterial build-up in RAS, they may also provide
opportunities for improvements in water quality.

If all micro particles in RAS were inert (non-living), there would only be two options to deal with them:
stopping them from being generated in the first place or direct removal. However, as such a large portion
of particles are living, there may be other avenues to explore in the quest to control micro particles.

One possibility is “environmental manipulation”. Using Paper Il as an example, the use of a disinfection
system (UV) led to a large reduction in organic matter in the water phase. At face value, this offers the
advantage of clear water, but may lead to an increase in the accumulation of organic matter in the
biofilters, which may lead to clogging or reduced filtration performance due to heterotrophic competition.
However, in a typical commercial operation of a FBB, backwashing is done regularly. By incentivising
bacteria to grow in the biofilter and adjusting the backwashing frequency, it is possible that a higher
exportation of nutrients would take place at each backwashing event. This may provide an additional
pathway to deal with the build-up of micro particles and organic matter.

While there is sometimes a tendency to think of RAS as purely mechanical units, the reality is that at
their core, RAS are a combination of engineering and biology. Fully understanding the effects that different
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treatments have on the system as a whole is essential to fully understand the implications of different
treatments and operational procedures. Therefore we need to move beyond water quality towards
“system quality”.
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10. Conclusions and future perspectives

Over the last years, micro particle accumulation in RAS has become a focus of attention in both the
industry and scientific communities. The small size of micro particles make them hard to remove from RAS,
while at the same time providing very large surface area. However, despite the knowledge developed over
the last few years, large gaps on the knowledge regarding micro particle levels, origins, composition,
implications and ways to address them remain.

While values for solids accumulation in RAS facilities are well established, the amounts of micro particles
and suspended bacteria in commercial RAS have only been described on few occasions. Furthermore, due
to different technics, it is not always straightforward to compare results across different farms. Paper |
address this by sampling multiple facilities and several RAS units within each facility, in order to better
understand the amounts and variations in micro particles found across commercial farms. The results of
Paper | showed a large variation of micro particles across seemingly identical systems. Furthermore, the
results sustain previous research regarding the typical PSD of RAS facilities, with most systems having 3
values above 3.7. This is further supported by additional data collected and presented in this dissertation.
The fraction of particles below 20 um represented by far the largest fraction of micro particles, containing
over 99% of particles by number, an average of 40% of particle volume, and over 90% of particle surface
area.

Solid waste in RAS is mainly derived from faeces. Micro particles have generally been considered an
extension of larger solids, primarily generated by the breakage of large particles into smaller particles.
However, the results obtained in Papers I, lll and IV indicate that a large portion of micro particles are
(composed of) microorganisms. While part of the faeces will eventually break down to micro particles,
organic matter introduced into the system (particulate and dissolved) seems similarly important in
controlling the amount of micro particles, especially in higher intensity systems with long retention times.

Due to their small size and high surface area, micro particles have been thought to cause negative
impacts on fish and systems. However, the results obtained in Papers Il and IV support newer research
indicating that micro particles have little to no impact on rainbow trout. While these results may be species
specific, the results obtained in these two papers, together with results from other studies, indicate a high
tolerance of rainbow trout to micro particles. Further research should be conducted with other species.

Results of Papers Il and IV demonstrate that the control of micro particles can be achieved with relative
ease with the use of primary solids removal technology and disinfection. However, disinfection will not
solve the underlying issue: organic matter build-up. Both micro filtration and especially foam fractionators
showed good results regarding removing organic matter from systems and controlling the amount of micro
particles present in freshwater RAS. The combination of direct organic matter removal (micro filters or
foam fractionator) with disinfection (UV or ozone) resulted in removal rates of approximately 90% of micro
particles by number, over 80% of micro particles volume and close to 90% of micro particle surface area.

Foam fractionators were particularly efficient considering ease of use, cost and a capability to remove
not only particulate matter, but also dissolved, making them an effective way to partially address organic
matter build-up.
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Data collected along this dissertation confirm that recirculation intensity is not the main responsible for the
build-up of micro particles. Rather the design, treatment units and operation of RAS are more crucial for
controlling the build-up of micro particles by increasing the export of nutrients out of the system.

The results obtained during this PhD will hopefully be helpful in furthering, not only our understanding of
micro particles in RAS, but also RAS systems as a whole. The large proportion of micro particles composed
by microorganisms indicate that the problematic of micro particles is not only caused by accumulation of
particulate matter, but by an overall build-up of organic matter (dissolved and particulate). While parts of
the micro particles are simply the result of larger particles breaking down to smaller particles, the living
portion does not “magically” appear in the system. Rather, it is the consequence of favourable conditions
provided by high loads of organic matter. For this reason, a more holistic approach regarding RAS research
needs to be taken, with all components of the loop considered, and special emphasis on the role of
biofilters on the storage, release and conversion of organic matter.
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Abstract

Increasing intensities of water reuse in recirculating aquaculture systems (RAS) lead to a build-up of
micro particles (< 20 um) in the water. This build-up may have consequences for other water quality
parameters and for the fish. This baseline study was carried out to determine the variation in micro particle
levels (numbers, volume and surface area) and accompanying bacterial activity in commercially operated
outdoor RAS, as well as the effects of different components in the recirculation loop on micro particle
dynamics. Water samples were obtained during spring 2017 from 7 Danish Model Trout Farms (MTFs)
producing rainbow trout (Oncorhynchus mykiss) in a total of 20 separate RAS units. Micro particle numbers
and size distribution, bacterial activity, and inorganic and organic nutrient concentrations were analysed.
Micro particle numbers ranged between 6.0-10* — 7.4-10° mI™ and large variations were found between
seemingly similarly operated RAS units within the same farm. There was a strong, positive correlation (p <
0.001) between micro particle levels and bacterial activity in the systems. Although not significant, biofilters
generally seemed to trap particles whereas drum filters seemed to reduce particle volume while increasing
particle numbers and surface area. The study sustains that bacterial activity in RAS is strongly associated
with fine particle loading, and demonstrates for the first time the overall magnitude and level of variation

in particle levels and bacterial activity that exists in commercially operated MTFs.
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1. Introduction
Recirculating aquaculture systems (RAS) are characterized by a build-up of different substances in the

water phase including micro particles (particles < 20 um; Chen et al., 1993). Micro particles derive from any
faeces, feed spill, and biofilter slough off that are not removed from the system but broken down to smaller
particles due to mechanical stress. Commonly installed filtration units do generally not remove micro
particles that stay in suspension due to their size and low settling velocity. Previous studies have shown
that an increase in the intensity of recirculation leads to an increase in the level of micro particles, and that
particles tend to become smaller with higher intensity of recirculation (Shulin Chen et al., 1993; Patterson
et al., 1999). Since smaller particles have a larger surface to volume ratio than larger ones, a partial break-
down of particles results in an increase in surface area.

The build-up of micro particles in RAS significantly affects the water quality and may thus impact system
and fish performance negatively by reducing overall water quality and fish health. Suspended organic solids
acts as substrate for bacteria, increasing the biochemical oxygen demand (BOD) and CO, level in the water
(Pedersen et al., 2017). Furthermore, particles are speculated to damage fish gills directly or indirectly (Au
et al., 2004; Lu et al., 2018). However, Becke et al. (2018) found no major effects on rainbow trout
(Oncorhynchus mykiss) gills when exposing the fish to high suspended solids loads throughout a growout
period.

Micro particles can provide surface area for bacterial growth (Attramadal et al., 2012; Bullock et al.,
1997), and Pedersen et al. (2017) recently showed a correlation between micro particle surface area in RAS
and bacterial activity. The findings indicated that the level of bacterial activity in semi-intensive RAS is
considerably influenced by the surface area of micro particles, while the relationship seemingly breaks
down in more intensive RAS presumably due to an accumulation of colloidal particles and/or free-living
bacteria.

RAS are said to be microbially mature when microbial communities are close to the systems carrying
capacity and dominated by slow growing bacteria that take part in nutrient fluxes (Attramadal et al., 2012;
Blancheton et al., 2013). Unintended high loads of organic matter or unstable conditions may, on the other
hand, provide space for fast growing, opportunistic bacteria that may proliferate within a short period of
time (Skjermo et al., 1997). A sudden development of fast growing, opportunistic, heterotrophic bacteria in
RAS is of particular concern as many potentially pathogenic bacteria belong to this type of bacteria (Kari J K
Attramadal et al.,, 2012; De Schryver and Vadstein, 2014). Consistent with these believed effects of
particles, Wold et al. (2014) obtained a reduction in both suspended particles and bacterial activity when
applying membrane filtration to an Atlantic cod (Gadus morhua L.) RAS unit, resulting in improved growth

and survival of the cod larvae.
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Most studies on micro particles have been conducted in experimental systems (e.g. Becke et al., 2017,
Brinker et al., 2005a; Fernandes, 2015; Weeks et al., 1992), and the few studies that have been conducted
at commercial production facilities were conducted on a single farm only or were composed of data from
different studies (Brinker et al., 2005b; Pedersen et al., 2017) making it difficult to assess general
commercial scale conditions. The current study was carried out to assess the baseline level of micro
particles and bacterial activity in outdoor Danish recirculating Model Trout Farms (MTFs; Pedersen et al.,
2003). Samples were obtained from multiple MTFs during the same time of year and analysed following
standardized protocols allowing for a comparison of micro particle levels and bacterial activity across
multiple commercial MTFs. Furthermore, samples were obtained from several positions within separate
RAS units to evaluate the potential impact of different treatment components in the recirculating loop on

micro particle dynamics.

2. Material and methods

2.1. Study sites and sampling

In order to minimize the impact of environmental variation on the samples, the study was conducted in
a short period of time (1 month) during spring 2017. Grab samples were obtained from a total of 7
commercial MTFs distributed throughout the peninsula of Jutland, Denmark, sampling each farm once. The
farms produced between 500 and 1200 t rainbow trout per year, and they each contained several separate
RAS units. The RAS units were all composed of concrete raceways mounted with drum filters and sludge
cones for particle removal, biofilters (either fixed bed, moving bed or a combination thereof), and airlifts
that provided both aeration and flow of water (fig. 1).

All samplings were conducted early in the morning before feeding commenced. Due to different farm
sizes, the number of RAS units sampled at each farm was different, ranging from two systems at the
smallest farms to six systems at the largest farm. All in all, 20 RAS units were sampled. Water samples were
in all systems obtained at the end of the production line just before the drum filters (sampling point 1 in fig.
1; n=20). This sampling point was assumed to represent the highest load of particles that the fish were
exposed to. For two RAS units at each farm, additional samples were obtained before and after the biofilter
as well as after the first airlift following the biofilter to assess the impact of the different treatment
components in the recirculation loop on micro particle levels (sampling point 2-4 in fig 1; n=14).

Sub surface water samples were collected using a telescopic pole fitted with a 100 ml plastic beaker.
Replicate samples were obtained at each sampling point, and the water samples were split in subsamples
according to the component to be analysed (section 2.2).

2.2. Sample processing
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Temperature, oxygen and pH were measured using a Hach HQ40d Portable Multi Meter (Hach Lange,
Germany).

Aside for bacterial activity and particles above 10 um which were measured on-site, water samples were
stored or preserved as described in table 1 and transported back to the laboratory at the Section for
Aquaculture, DTU Aqua in Hirtshals, Denmark. All samples were kept in a portable fridge at 4°C during
transport. Here, they were analysed for the chemical oxygen demand (COD), 5 day biochemical oxygen
demand (BODs), nitrate-N, and iron following standard methodology (summarized in table 1). Both total
(unfiltered samples) and dissolved (pss; samples filtered through 1.6 um glass microfiber filters (Whatman®
GF/A, GE Healthcare)) BODs; and COD where measured, while the corresponding particulate fractions (parr)
were derived by subtracting the dissolved fraction from the total.

Micro particle numbers and size distributions were measured using two different instruments. An
AccuSizer 780 SIS (Particle Sizing Systems, Santa Barbara, CA, USA) was used to measure particles between
10 and 200 um following the procedure by Fernandes et al. (2014), while particles between 2 and 30 um
were measured using a Multisizer 4e Coulter Counter (Beckman Coulter, Inc, Indianapolis, USA). Both
machines were calibrated utilizing the same standard solutions to ensure accurate and comparable
measurements. Due to the different methodologies applied (the AccuSizer using a “Single Particle Optical
Sensing technique” while the Multisizer 4e uses a “Coulter principle”), individual particle size distribution
graphs were created for each sample demonstrating an overlap between the two instruments in the 10 - 20
pum size range (fig. 2). Results were therefore combined to give a complete particle size distribution
between 2 - 200 um with data from the AccuSizer used for particles between 10 and 200 um, and data from
the Multisizer used for particles below 10 um. The complete particle size distribution was subsequently
applied to calculate the B value summarizing the particle size distribution (Patterson et al., 1999) of each
RAS unit as described by Fernandes et al. (2014). The volume (V) and surface area (SA) of particles above 10
pum was calculated based on the diameter and number of particles measured by the AccuSizer assuming
particles to be spherical. Similar values for particles between 1 and 10 um were calculated automatically by
the Multisizer 4e. The volume and surface area of each size class were calculated as: V = 4/3 it r’x and SA =
4 1t r* x, where V is the total volume of particles in a specific size class, SA is the total surface area of the
particles in a specific size class, r is the radius of the particles, and x is the number of particles within the
size class.

Bacterial activity was measured indirectly by the hydrogen peroxide (H,0,, HP) degradation rate (Arvin
and Pedersen, 2015; Rojas-Tirado, 2018) following the protocols described by Tanner and Wong (1998) and
Pedersen and Pedersen (2012). In brief, a 50 ml water sample was placed in a 100 ml plastic beaker on-site.

The beaker was fixed in a thermal bath (20 °C) with a magnetic stirrer, stirring the sample at 250 rpm. 0.5
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ml, 0.1% H,0, (Merck KGaA, Germany) was added to the sample to obtain a nominal concentration of 10
mg I}, and the degradation of HP was measured over time by extracting a sample (1.8 ml) after 0.5, 15, 30,
45 and 60 min and placing it in a cuvette prefilled with a 0.2 ml fourfold strength HP reagent (Tanner and
Wong, 1998) stopping any further degradation of H,0,. The residual HP concentration was subsequently
derived by measuring the colour intensity on a spectrometer (Hach Lange DR 2800, Germany) at 432 nm. A
first order reaction equation of the form Cy = Coe'kt, where C, is the concentration at time t (h), Co is the
initial concentration, and k is the coefficient of degradation (h™), was fitted to the data using Microsoft
Excel®.

2.3. Data analysis
Throughout the rest of the paper, particle data are described as: particles per ml (# ml™); volume of

particles (mm? mI™); and surface area of particles (mm? ml™). All statistical analyses were performed using
SigmaPlot 13.0 (Systat software Inc.), and differences were considered significant at p < 0.05. Data are
presented as average + standard deviation.

Particle numbers within each farm were compared using a paired t-test. Correlation analyses between
micro particles and bacterial activity were conducted for the complete particle size distribution data (2 -
200 um), as well as for particles below and above 10 um to include and exclude bacteria (both free
swimming and bioflocs), respectively (Rojas-Tirado, 2018), applying Pearson Product Moment correlation
analyses.

Due to differences between systems and to allow for a comparison of the impact of different treatment
components on micro particle levels, the micro particle data were normalized using the formula: x = (value
after component/value before component) - 100. The results were averaged across the farms with a
positive average representing an increase in the respective metric, and a negative value representing a

reduction.

3. Results
Overall information of the farms sampled is presented in table 2 including stocking densities, the

different BOD;s and COD fractions, nitrate-N and iron concentrations, and the calculated B values. Because
samples were obtained within a relatively short period of time (1 month), the environmental conditions
were fairly stable across all farms with temperatures ranging between 8.5 - 11.5° C, pH ranging between 6.7
- 7.6, and oxygen concentrations fluctuating between 7.1 and 9.9 mg O, I". No statistically significant
differences were found between the farms except for the oxygen concentration at farm 5, which was

higher (p < 0.001) than at the remaining farms (data not shown).

3.1. Micro particle levels
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Micro particle levels measured with both instruments showed an overlap in the measured number of
particles between 10 - 20 um (fig. 2). The overlap was apparent for all samples with only minor variations.
Micro particle numbers (2-200 um) measured at the farms ranged between 6.0-10% + 5.5-10° and 7.4-10° +
5.5-10°# mI™, with an average concentration of 2.6-10° + 1.9-10° # ml™ across all systems measured (fig. 3).
Except for farm 2 and 6, the number of particles differed significantly between the RAS units sampled
within each farm (p < 0.05). There were no significant differences in B values between farms or RAS units
within farms, B values ranging between 3.4 and 4.3 (table 2).

3.2. Micro particles and bacterial activity correlations
There was a strong, linear correlation between micro particle numbers, volume, and surface area,

respectively and bacterial activity across all RAS units when the full set of data was used (i.e. particles
between 2 - 200 um; fig. 4), with correlation coefficients ranging between 0.74 and 0.83 (p < 0.001). When
the correlation analysis was repeated using only data for particles above 10 um (Fig. 4), the correlation
between bacterial activity and micro particle volume decreased from 0.83 (p < 0.001) to 0.76 (p < 0.001),
whereas the correlation between bacterial activity with particle numbers and with surface area increased
(from 0.74 to 0.90, and from 0.80 to 0.92, respectively; p < 0.001). In comparison, correlations between
bacterial activity and particle numbers, volume, and surface area, respectively in the smallest fraction (2 to
10 um) were all lower compared to the two other fractions (0.73, 0.75, and 0.75, respectively; p < 0.001).
There was no correlation between bacterial activity and BODs.pss (r = 0.257, p = 0.186, n = 14) or CODpss (r =
0.116, p = 0.475, n = 20). However, positive correlations were found between bacterial activity and BODs.
part(r=0.553, p =0.002, n = 14), and between bacterial activity and CODppgr (r = 0.77, p < 0.001, n = 20).
No correlation was found between iron concentrations and particles numbers in the systems sampled (r =
0.11, p = 0.639, n = 20).

3.3. Impact of the different components on the recirculation loop
The observed impact of the different treatment components in the recirculation loop on particle numbers,

volume, and surface area was characterized by a very high variability and no significant differences could be
detected across any of the components (fig. 5). There seemed, however, to be a trend of particle volume
decreasing across drum filters while both particle numbers and surface area appeared to increase. In
comparison, biofilters seemed to remove particles across all 3 metrics. The first air lift after the biofilter and

the production unit itself had very similar impacts comprising a non-significant increase in particle volume.

4. Discussion
This study is the first to report and compare micro particle levels and bacterial activity across multiple

commercial MTFs owned and managed by different operators. The results confirm that there is a general

challenge of large variation between seemingly similar systems including more than one order of
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magnitude differences in micro particle levels between MTFs. Nitrate-N was measured as an indicator of
recirculation intensity (Pedersen et al., 2012) and, along with the other measured chemical water quality
parameters (table 2), sustained that the farms were relatively comparable in terms of recirculation intensity
and organic matter loading. The large variation in particles between farms was therefore most likely due to
operational factors such as different feed and feeding intensities, water exchange rates, stocking densities,
biofilter back-wash routines, and internal hydrodynamics. Most of these parameters are, however, difficult
to quantify accurately in the field. While such variation in particle numbers between farms could be
expected, it was somewhat surprising that RAS units within the same farm, despite being run by the same
personal and with very similar stocking densities and amounts of feed supplied, in several cases showed
very high variation in micro particle levels and bacterial activity (e.g. farms 4, 5 and 7; fig. 3). This suggests
that some individual system details, characteristics or operational conditions can cause considerable
variations in water quality parameters.

In aquaculture systems, particle size-distributions follow an exponentially decreasing curve (the smaller
the particle size the larger the number of particles) (Patterson et al., 1999; Rueter and Johnson, 1995). As
recirculation intensity increases so does the relative importance of smaller particles. Despite the large
variation in particle numbers observed between farms and RAS units in the current study, the size
distribution was fairly similar. This was confirmed by similar B values (3.89 + 0.21; no statistical differences),
sustaining that the intensity of recirculation was rather similar between systems.

Strong and positive correlations between micro particle volume as well as surface area and bacterial
activity measured by H,0, degradation were found in this study when the complete size-distribution of
particles (i.e. 2 - 200 um) was examined. By excluding particles below 10 um (and thereby excluding free-
swimming bacteria), a slightly stronger correlation between particle surface area and bacterial activity (r =
0.92 versus 0.80) was found (fig. 4).The results are consistent with those of Pedersen et al. (2017),
examining the relationship between particle surface area and bacterial activity in aquaculture systems
measured using Bactiquant®, and sustain that H,0, degradation is a useful method for assessing bacterial
activity in water samples. The aforementioned study suggested that particle surface area is one of the main
factors affecting bacterial development in semi-intensive RAS as it provides a place for bacteria to settle, as
well as a substrate on which they can grow.

One of the two RAS units sampled at farm 7 deviated substantially from the other systems by having a
bacterial activity roughly 50 % above the second highest system measured. Replicate analyses all showed
similar results ruling out sampling error, and we therefore speculate whether the high activity was due to a
recent back-wash of the biofilter or whether the results indicate a proliferation of bacteria caused by some

kind of unbalance in the system.
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In the set of correlations, the number of particles correlated very strongly with bacterial activity (r =
0.90). Furthermore, positive correlations were found between bacterial activity and the particulate
fractions of both BODs (r =0.67) and COD (r = 0.84) indicating that most of the particles in the system were
of organic nature. In contrast, none of the dissolved organic matter fractions (i.e. BODs pss and CODpss)
showed any significant correlation with bacterial activity, indicating that these parameters did not
significantly influence overall bacterial activity in the systems. The dissolved organic fractions were
probably composed of hard-to-degrade complex compounds, and/or free-living bacteria supposedly
regulated by BODs.pss were not abundant in the systems (Rojas-Tirado, 2018).

Iron was measured as some farms were located in regions with elevated iron concentrations in the
surface and ground water used as make-up water (author’s pers. obs.). Iron salts are often used as a
flocculent in wastewater treatment for removing suspended solids (Lee et al., 2014) but had no obvious
influence on particles in the current study, as no correlation between iron concentrations and micro
particle levels was found.

As mentioned in the introduction, high levels of bacteria do not necessarily have adverse effects on the
fish as long as conditions are stable. Rather, stable and microbially mature RAS have been proposed as a
means of selecting for non-opportunistic bacteria improving the performance of marine larvae (Kari J K
Attramadal et al., 2012; Skjermo et al., 1997). All farms visited in the current study applied intermittent
disinfection using either hydrogen peroxide, peracetic acid, formalin, sodium chloride, or a combination
thereof, and this practice most likely affected the microbial stability of the systems.

The effect of the different treatment components within the recirculation loop was difficult to assess
due to the large variation observed, however, there seemed to be some general patterns (fig. 5). Drum
filters generally appeared to remove particulate matter in terms of volume accompanied by a non-
significant increase in particle numbers and surface area. This may indicate that while removing particulate
matter, large shear forces within a drum filter cause a fragmentation of larger particles creating more and
smaller particles and thereby more surface area. In comparison, biofilters appeared to work as particle
traps reducing particle numbers, surface area, and volume. Some of the observed biofilter variation was
probably due to different types of biofilters applied and modes of operation (fixed bed, moving bed, or a
combination thereof). Under controlled conditions, Fernandes et al. (2015) showed that fixed bed biofilters
tend to remove micro particles while moving bed biofilters tend to generate micro particles and similar
effects were described by Ahl et al. (2006) and Ivanovic and Leiknes (2008). We were, however, unable to
confirm this presumably due to the limited number of samples as well as internal system variations.

Air lifts and production units seemed to produce only minor changes in the number and surface area of

particles, while both components seemed to increase the total volume of micro particles. In the case of
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airlifts, an increase in particle volume might be explained by lifting of heavy/settled particles from the
bottom of the raceways into the water column, while for production unit, fish excretion and potential feed
spill might explain an increase in particle volume during passage. In both cases, the observations indicate
that both RAS components mainly affect larger size particles resulting in an increase in particle volume,
while they have only minor effect on particle numbers and surface area.

5. Conclusion
This baseline study showed that an increase in micro particle levels directly affects bacterial activity by

providing surface area and substrate for bacteria. The impact of micro particles and corresponding bacterial
activity on system performance and fish health, including for example different bacteria groups (slow
growing strategic versus fast growing opportunistic bacteria) is, however, still not clear.

Empirical data collected from different MTFs within a short period of time demonstrated the magnitude
of micro particles in RAS and underline the variation that exist between seemingly similar RAS units.
Although care must to be taken regarding drawing conclusions from observations obtained under non-
controlled conditions, the results on micro particle levels and bacterial activity are consistent with previous
studies. Bacterial activity correlated strongly with micro particle levels within systems indicating that micro

particle control may become a key management parameter in RAS.
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Figure 10: Simplified schematic representation of a Model Trout Farm (MTF) with the position of the
different sampling stations (1 - 4). Comparison between samples collected before and after each

component was used to assess its impact on micro particles. Arrows indicate the direction of the water
flow.
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Figure 2: Example of the overlap in the 10-20 um particle size span obtained with the Multisizer 4e and
AccuSizer780 SIS
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Figure 3: Number of particles (2 - 200 um) per ml (average + SD, n = 40) in the 20 RAS systems
measured. Differently filled-in bars represent the different farms while individual bars represent a RAS unit.
Different lower case letters above the bars denote significant differences between RAS units within the

same farm.
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Figure 4: Correlations between bacterial activity and the different micro particle parameters measured:
1) Particles from 2 to 200 um; 2) Particles from 10 to 200 um. a) Number of particles; b) Volume of

particles; c) Surface area of particles.
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Table 1: Water quality parameters measured and analytical methods applied

Parameter Abbrev Unit Sample treatment and processing Analytical Method Referenc
e

Total chemical oxygen CODqor mg Unfiltered + acid addition, stored at LCK 414 and LCK 314, Hach ISO
demand 0, I 4°C Lange, Germany 6060:1989

Dissolved chemical CODpss mg Filtered through a 0.22 um filter** + LCK 414, Hach Lange, ISO
oxygen demand 0,I" acid addition, stored at 4°C Germany 6060:1989

Particulate chemical CODpprt mg N/A CODparr = COD1gr— CODpyss N/A
oxygen demand 0,I"

Total biological oxygen BOD:. mg Unfiltered Potientiometry/O2 probe ISO 5815-
demand after 5 days ToT 0, 1" (WTW Oxi 340i) 2:2003

Dissolved biological BODs. mg Filtered through a 1.6 um filter Potientiometry/O2 probe ISO 5815-
oxygen demand after 5 Diss 0, 1" (WTW Oxi 340i) 2:2003
days*

Particulate biological BODs. mg N/A BODs_part = BODs o1 - BODs. N/A
oxygen demand after 5 PART 0, I_l DISS
days

Nitrate-nitrogen NOs-N mg I™ Filtered through a 0.22 um filter**, Colorimetry ISO 7890-

stored at 4°C 1:1986
Iron Fe?* mg I Filtered through a 0.22 um filter**, LCK 320, Hach Lange, DIN
stored at 4°C Germany 38405-D17

* BODs; modified: samples were filtered through a 1.6 um glass microfiber filter (Whatman® GF/A, GE Healthcare, UK) before analysis.

** 0.2 um sterile syringe filter (Filtropur S 0.2, Sarstedt, Germany)
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Table 2: Numbers of RAS units sampled on each farm and the ranges of the water quality parameters measured at the different farms including

calculated R-values

Far RAS units Approximate CODpss CODpart BOD;_ piss BODs.part Nitrat Iron B

m sampled stocking density (mgo, I''Y) * (mg_0, I (mgo,I") (mg 0,_I") e (mg (mg Fe++_I")  value

(kg_m?) ) N_I)

1 2 35 145-16.4 0.7-13 26-4.1 2.0-2.7 9.0 - 0.04 - 0.07 3.4
14.0 -3.8

2 4 40 18.6-24.5 0.4-1.5 2.6-43 47-5.9 5.0- 0.24-0.41 4.0
135 -4.1

3 2 30 29.7-33.0 5.0-6.8 43-56 8.7-9.3 6.5 - 0.30-0.45 3.9
18.5 -4.3

4 6 40 12.0-22.5 0.5-8.2 3.5-5.6 20-7.6 10.0 - 0.09-0.15 3.7
255 -4.0

5 2 40 14.5-17.0 3.3-7.8 2.1-2.38 1.0-2.1 5.0 - 0.10-0.12 3.8
6.0 -4.0

6 2 35 17.8-18.9 0.2-2.0 2.6-2.7 1.6-3.0 11.0- 0.06-0.13 3.7
22.5 -4.0

7 2 40 18.5-19.5 2.0-8.7 53-7.1 2.8-6.0 17.5- 0.04 - 0.06 3.7
26.0 -3.8

" COD and BODs were measured in different subsamples explaining that CODppgr (calculated as the difference between CODyor and CODpss) was in

some instances smaller than BODs_pss
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Abstract
Recent studies have focused on micro particle build-up in recirculation aquaculture systems (RAS), and a

correlation between micro particles and microbial activity has been shown. This study evaluated how micro
particle build-up and microbial activity are affected by UV irradiation and micro filtration. Using 12 identical
pilot scale RAS stocked with rainbow trout (Oncorhynchus mykiss), a two-factor factorial experiment was
carried out testing in triplicate systems the effect of UV irradiation (systems with or without) in
combination with cartridge filtration (1 or 200 um pore size) on selected water quality parameters. The trial
ran for 13 weeks. Water samples were obtained once a week, and the number and size distribution of
micro particles was analysed. Microbial activity was derived from the hydrogen peroxide degradation rate,
and concentrations of total and dissolved organic matter were measured as chemical oxygen demand
(CoD).

Overall, both UV and cartridge filtration had significant effect (<0.05) on micro particle distribution and
microbial activity in the systems. By the end of the trial, a two-way Anova showed that UV treated RAS,
independently of cartridge filtration pore size, were significantly (p < 0.05) lower in micro particle numbers
(74% reduction), micro particle surface area (54% reduction), and dissolved COD (34% reduction) compared
to systems without UV. Similarly, microbial activity was reduced up to 89% independently of cartridge
filtration. UV thus appeared to reduce micro particle numbers by destroying bacteria. In addition, the effect
of UV on dissolved COD suggested a possible feedback mechanism between microbial activity and substrate
release in the systems. For micro filtration, a 1 vs. 200 um pore size significantly reduced the number of
micro particles (by 50%), micro particle volume (by 83%), and micro particle surface area (by 73%)
independently of UV treatment. This was accompanied by a significant reduction in particulate COD (80%)
and microbial activity (approximately 54% reduction independent of the use of UV). Hence, cartridge
filtration appeared to reduce a build-up of micro particle by directly removing bacteria and bacteria
substrate. In conclusion the study sustains that combining UV and particle removal is a potential viable tool

for managing microbial water quality in RAS.
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Introduction
Recent studies on micro particles in recirculating aquaculture systems (RAS) have focused on the build-

up of micro particles in RAS and the correlation with microbial water quality (Becke et al., 2018; de Jesus
Gregersen et al., 2018; Pedersen et al., 2017; Fernandes et al., 2016). Increasing recirculation intensity
increases the level of micro particles (Patterson et al., 1999), and micro particles below 20 um may account
for more than 90% of all particles in some systems (Fernandes et al., 2014).

In RAS, micro particles are generated from organic waste including fish faeces and feed spill, and from
biofilm released from surfaces and biofilters. Bacteria are closely linked to these micro particles and may
even constitute the micro particle itself.

It is generally believed that micro particles are unwanted but the full implication of micro particles in
RAS is still not well understood. Pedersen et al. (2017) described a strong, positive correlation between
micro particle levels and microbial activity in semi-intensive RAS, suggesting that microbial activity is
controlled by micro particle availability in such systems. Lu et al. ( 2018) studied the expression of different
genes associated with immune response in rainbow trout (Oncorhynchus mykiss) and zebrafish (Danio
rerio) when exposed to inert styrofoam particles ranging from 0.2 to 90 um in diameter. They found that
smaller particles were more likely to build up in the gills and caused changes in gene expression. On the
other hand, Becke et al. (2018) found no adverse effects of suspended solids on the growth of rainbow
trout exposed to high levels of suspended solids in an 18 week RAS exposure trial.

To reduce the load of particulate organic matter and, consequently reduce microbial activity, a few
strategies of either removing particles or avoiding their formation in the first place have been tested. Feed
binders show good potential for increasing faecal stability, supposedly making them easier to remove and
thereby reduce the formation of micro particles (Brinker, 2007). However, positive effects on water quality
(physical, chemical, or biological changes) in RAS by adding feed binders have not yet been demonstrated.
Another approach involved adding floating material to the fish feed in order to create floating faeces
(Unger and Brinker, 2013). When floating faeces where tested in an experimental RAS, drum filters removal
efficiency was twice as high in systems fed the experimental diet compared to a commercial control diet,
however the impacts on water quality were less obvious (Schumann et al., 2017).

Alternatively to modifying the feed, it may be possible to reduce the build of particle by UV irradiation
or micro particle filtration. A fraction of micro particles in RAS is composed of free swimming bacteria
(Franco-Nava et al., 2004; Sharrer et al., 2005), and the use of UV irradiation should reduce the total
number of micro particles in the water by controlling bacteria development. UV irradiation degrades
microbial DNA stopping bacteria from multiplying while having no direct impact on non-living / inert
particles and dissolved organic matter (Timmons and Ebeling, 2010). While the use of UV irradiation can be

expensive, it is a mature technology widely used in RAS and its application is fairly straight forward
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(Summerfelt, 2003). Few, if any studies have demonstrated the impact of UV irradiation on microbial water
quality dynamics in RAS. A recent study by Huyben et al. (2018) looked in to the application of UV and
membrane filtration in a pilot scale RAS as a means to control bacterial load. The results obtained indicate
that both technologies were capable of reducing heterotrophic bacteria by over 98% in a single pass set up,
however, long term implications on the water quality were not studied.

Water quality effects of removing micro particles e.g. by microscreens or membrane filters have been
widely studied. Fernandes et al. (2014) demonstrated significant differences in particulate parameters in
RAS with and without microscreens (100, 60 and 20 um). Albeit the time to reach equilibrium seemingly
increased with increasing mesh size, particle numbers, particles surface area or particle volume in the three
microscreen groups (100, 60 and 20 um) did not significantly differ at the end of the trial. Using
ultrafiltration, Wold et al. (2014) obtained a large reduction of micro particles in a cod larvae (Gadus
morhua) RAS, as well as a significant reduction in the number of bacteria. However, application of this type
of filtration to full scale RAS is considered complicated and costly (Viadero and Noblet, 2002; Wu et al.,
2008).

The objective of the currents study was to evaluate the extent to which micro particles and microbial
activity in RAS could be controlled by the individual and / or combined use of UV irradiation and micro
filtration. To this purpose a two-factor factorial experiment was carried out testing pilot scale RAS with or

without UV irradiation and with two levels of micro filtration (1 um and 200 um).

2. Materials and methods
2.1. Experimental setup
The trial was conducted in twelve identical 1.7 m® pilot scale RAS (fig. 1). Each RAS consisted of a 500 |

rearing tank, a swirl separator, a 300 | pump sump, a 800 | submerged fixed bed biofilter, and a trickling
filter. The fixed bed biofilter and trickling filter were filled with BIO-BLOK 150 elements (Expo-net, Hjgrring,
Denmark). An Aqua Medic Ocean Runner 6500 (Aqua Medic, Bissendorf, Germany) pump provided the flow
in to the biofilter. After the trickling filter, a flow of 1500 | h™* was diverted in to the rearing thanks, while
the remaining water overflowed back in to the pump sump, resulting in a hydraulic retention time (HRT) of
approximately 20 minutes in the rearing tanks.

All systems where fitted with a cartridge filter housing treating a side stream of the pump sump flow. Six
RAS were fitted with a 10” filter housing and a 1 um cartridge filter (Ultra-Depth PP-TF 1,00 um 10" DOE,
Ultrafilter Skandinavien ApS, Denmark), while the other six RAS were fitted with an 10” filter housing and a
200 um cartridge filter (Ultra-Pure Sleeve - Nylon 200 um 10", Ultrafilter Skandinavien ApS, Denmark). The
200 um cartridge filters were chosen to mimic commercial RAS conditions where drum filters are typically

applied to remove large particles. Three of the RAS units fitted with either a 1 um or a 200 um cartridge
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filter were also fitted with a 75W UV filter (Pond filter, China) placed in series after the cartridge filter. The
combination of cartridge and UV filters resulted in four treatment groups in triplicate randomly distributed
throughout the 12 RAS: 1 um cartridge filter with UV (1um + UV), 200 um cartridge filter with UV (200pum +
UV), 1 um cartridge filter without UV (1um + UV), and 200 um cartridge filter without UV (200um + UV).
Water was pumped through the cartridge filter and UV filter using a 2200 | h™ pump (Selekta 350W, Harald
Nyborg, Denmark).

All systems were in operation prior to the trial and biofilters were therefore already activated. At start
up, all systems were emptied, tanks cleaned, and fresh tap water was added in order to follow the
temporal development in different water quality parameters. Each system was stocked with 12.5 + 0.1 kg
juvenile rainbow trout receiving 250 g feed day™ (Efico, Biomar, Denmark) fed during 12 hours using
automatic belt feeders. A daily water exchange (make-up water, MUW) of 80 | day™ was applied, resulting
in a feed loading of 3.1 kg m™ (or 0.32 m® MUW kg™ feed). Bicarbonate was added when needed to keep pH
between 7.2 and 7.5. Any dead fish were removed daily and their weight noted. Swirl separators were
emptied each morning and any feed spill recorded and enumerated.

The trial ran for 13 weeks and grab samples of the water in each of the 12 RAS were collected once a
week. Cartridge filters and UV filter units were started after the first set of water samples were obtained,
representing “system specific” time zero samples unaffected by treatments. During the first 6 weeks of the
trial, all cartridge filters were swapped and cleaned once a day. However, as systems developed it became
necessary to increase the capacity of the microfilters, increasing the filter housing from 10” to 20” (Ultra-
Depth PP-TF 1,00 um 20" DOE, Ultrafilter Skandinavien ApS, Denmark) while maintaining cartridge filter
mesh size at 1 and 200 um. Furthermore, the daily cleaning routine was increased from one to three times
a day in systems fitted with 1 um cartridge filters to ensure a proper water flow through the filters. The
serial placement of the UV lamp after the mechanical cartridge filters was made to better simulate a typical
RAS set up. However, after a few weeks, clogging of the filters caused the water flow also to the UVs to be

reduced, which was reflected by in the results (larger fluctuations) experienced during weeks 5 and 6.

2.2. Water sampling and analysis
Water sampling started two days after fish were added to the systems to avoid particulate matter re-

suspension related to the handling of fish. Grab samples were collected at the top of the swirl separators as
indicated in figure 1. A 5 | sample was collected in each RAS and spilt into homogeneous subsamples for
individual analysis. Temperature, oxygen, and pH were measured in the swirl separators in the morning
before daily routines using a Hach HQ40d Portable Multi Meter (Hach Lange, Germany).

Micro particle numbers and size distribution were measured using an AccuSizer 780 SIS (Particle Sizing

Systems, Santa Barbara, CA, USA) for particles between 10 and 200 um following the procedure described
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in Fernandes et al. (2014). Furthermore, particles between 1 and 30 um were measured using a Multisizer
4e Coulter Counter (Bechman Coulter, Inc, Indianapolis, USA). Results from the two measurements were
subsequently combined to give a complete particle size distribution in the size range 1-200 um as explained
and verified by de Jesus Gregersen et al. (2018).

Particles were grouped in size classes as described in Patterson et al. (1999). Volume (V; mm?® ml™) and
surface area (SA; mm? ml™) of particles within each size class was calculated (assuming spherical particles)
using the equations: V=4/3 nt r3 X, and SA=4n r? X, where V is the total volume of particles in a specific size
class, SA is the total surface area of the same particles, r is particle radius within the size class, and x is the
number of particles within that size class. The total particle numbers (PN), the total particle volume (PV),
and the total particle surface area (PSA) for the full range measured (1-200 um) was calculated by summing
the contribution from the different size classes.

To compare systems, particle size distributions were summarized by the B value conceived by Patterson
et al. (1999) and further described by Fernandes et al. (2014). In short, the  value is the slope of the log-
log transformed relationship between the number of particles within size classes and the corresponding
size class medians. A lower B value indicates a system dominated by larger particles whereas a higher 3
value indicates a system dominated by smaller particles.

Microbial activity was quantified using the hydrogen peroxide (H,0,) decomposition rate assay with the
degradation rate constant (ki,, h™) used to quantify the microbial activity (Pedersen et al., 2019). This
method estimates the “rate of microbial activity” based on the degradation of H,0,. The faster the
degradation of H,0,, the higher the microbial activity.

Nitrate-N and chemical oxygen demand (COD) concentrations were measured spectrophotometrically
following 1ISO 7890-1 (1986) and ISO 6060 (1989), respectively. The chemical oxygen demand was measured
in non-filtered (CODyor) and filtered (CODpss) samples (0.45 um filter, Filtropur S 0.2, Sarstedt, Germany),
and particulate COD (CODpagr) Was calculated as the difference between the two.

All samples were collected and analysed in duplicate.

2.3. Data analysis
All data were transformed into moving averages of three succeeding sampling points (e.g. data from

week one corresponds to the average of the data collected at time 0, 1 and 2). Statistical analyses were
performed in SigmaPlot 13.0 (Systat software Inc., USA). Results of the two main factors (UV irradiation and
cartridge filtration) were compared by the end of the trial (on average values of weeks 11, 12 and 13) using
two way ANOVA followed by a Holm-Sidak test in case of significant differences. In addition, Pearson

Product Moment correlation analyses were carried out to test for correlation between volume of particles
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and CODppgy, CODpiss and microbial activity, CODgra. and microbial activity, and number of particles and
microbial activity. Differences were considered significant at p < 0.05.

All data are presented as average * standard deviation unless otherwise stated.

3. Results
There was no cooling of the systems and the temperature therefore fluctuated between a minimum of

15.8 + 0.5 °C to a maximum of 21.3 + 0.5 °C. Fish mortality ranged between 0.1 and 0.3 fish day™ with no
significant difference between systems or treatments. Oxygen saturation fluctuated between 75 and 105%,
pH fluctuated between 7.1 and 7.5, and nitrate-N ranged between 91.5 and 98.2 mg |"* at the end of the
trial independent of treatment groups (p > 0.05).

3.1. Microparticles
3.1.1. Particle numbers
The number of micro particles increased immediately after start in the 200um + UV treatment systems

and stabilized after approximately 5 weeks of operation at about 3 million particles mI™* (fig. 2a). In
comparison, the other treatment groups remained low for the first 7 weeks before starting to diverge. The
1um + UV treatment group increased to approximately 2 million particles mI™ by week 10, while the 200pum
+ UV and the 1um + UV reached < 0.5 and 1 million particles ml™, respectively, after 12 weeks. By the end
of the trial, both UV and cartridge filtration were found to affected particle numbers. Systems with UV
treatment had significantly less particles than systems without UV irradiation and systems fitted with 1 um
cartridge filters had significantly less particles than systems using 200 um cartridge filters (table 1).

3.1.1. Particle volume
Particle volume in systems fitted with 200 um cartridge filters steadily increased about 3 weeks into the

study and ended at 0.04 + 0.01 and 0.05 + 0.01 mm® ml™, respectively in the 200um + UV and 200um + UV
treatment systems (fig. 2b). Particle volume in systems with 1 um cartridge filters transiently increased in
week 3-6 presumably due to limited filtration capacity (section 2.1). After adjusting filtration capacity,
particle volume decreased and stabilized at 0.007 + 0.002 and 0.009 + 0.001 mm?® mlI™, respectively in the
1um + UV and 1um + UV systems. By the end of the trial, cartridge filtration had reduced particle volume
significantly, being much lower in systems fitted with 1 vs. 200 um cartridge filters. UV irradiation on the
other hand had no significant effect on particle volume (table 1).

3.1.2. Particle surface area
Particle surface area mirrored, to some extent, the development in particle volume (fig. 2c). Treatment

200pm + UV increased immediately after start and reached 38.2 + 4.8 mm?” ml™ at the end of the trial. In
the 200pum + UV group the increase were less pronounced and PSA ended at 23.5 + 5.2 mm” ml™. In the
1pm + UV group, PSA ended at 13.7 + 2.8 mm? ml™ while seemingly no increase in PSA occurred in the 1pm

+ UV treatment group despite a transient increase due to limited filtration capacity halfway through the
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trial. A two-way Anova by the end of trial showed that both treatment factors affected PSA significantly and
independently of each other, i.e., UV vs. no UV treatment and 1 um vs. 200 um cartridge filtration both
reduced PSA in the systems (table 1).

3.1.3. B values
Particle size distributions were significantly affected by the use of UV, whereas cartridge filtration size

had no effect on the distribution (table 1). Hence, B values in systems with UV were significantly lower
(3.71 £ 0.12 and 3.77 £ 0.08, respectively, for 1um + UV and 200um + UV systems) than B values in systems
without UV treatment (3.87 + 0.10 and 3.86 + 0.10, respectively, for 1um + UV and 200um + UV systems).

3.2. Microbial activity
Microbial activity was the only metric where there was significant interaction between UV treatment

and cartridge filtration (table 1 and fig. 2d). While this interaction prevents any conclusions about main
effects, the use of ultraviolet irradiation kept microbial activity low throughout the trial, except for a
transient increase while the 1 um filters were under-dimensioned, irrespective of filtration. Hence,
microbial activity in UV treated systems was by the end of the trial very similar to the activity at the start of
the trial (averaging 0.04 + 0.02 vs. 0.03 + 0.001 h™, respectively). In systems without UV irradiation, 1 pm
cartridge filters reduced microbial activity by approximately 50% compared to systems with 200 um
cartridge filters (0.25 + 0.07 vs. 0.52 + 0.1 h™, respectively). Comparing systems with either 1 or 200 pm
cartridge filters, UV filtration significantly lowered microbial activity.

Microbial activity was highly correlated with particle numbers in all treatment systems (correlation
coefficients (r) ranging between 0.87 and 0.95; table 2), as well as with CODpss (r ranging between 0.61 and
0.81; table 2) and COD+qra. (r ranging between 0.65 and 0.83; table 2)

3.3.COD
Dissolved COD increased significantly slower in systems with UV compared to systems without (fig. 2e).

Cartridge filtration had no impact on CODpss build-up, and there was no interaction between the two main
treatment factors (table 1). All treatments, except 1um + UV, seemed to be still increasing by the end of the
trial. At this point, CODpss in 1um + UV and 200um + UV treated systems amounted to 18.8 £ 1.5 and 25.5 =
2.9 mg |7, respectively, while CODpss in treatments without UV averaged 33.5 mg ™.

Particulate COD largely reflected the development in PV (fig. 2f vs. 2b). This was supported by an overall
correlation coefficient of 0.96 between the two parameters (table 2). Particulate COD was only slightly
affected (no statistical significance) by UV irradiation whereas 1 um cartridge filtration reduced CODpagr
significantly compared to 200 um cartridge filtration (table 1 and fig. 2f). Particulate COD in treatment
200pm + UV rose steadily from the beginning of the trial to a final value of 20.7 + 6.6 mg |, followed by
200pm + UV averaging 16.2 + 2.8 mg |™. In comparison, treatments with 1 um cartridge filters ended at an

average of 3.7+ 0.7 mg ™.
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4. Discussion
4.1. Cartridge filtration effects
The use of 1 um compared to 200 um cartridge filters resulted, as expected, in a significant removal of

particles by volume (~83%) accompanied by a large reduction in CODparr (¥80%). At the same time the
microbial activity was reduced by approximately 50% in 1 um compared to 200 um filtered systems.
However, due to the interaction between cartridge filters and UVs with respect to microbial activity, it’s not
possible to determine to what extent this result were caused by the cartridge filters. The reduction in
microbial activity fits well with a removal of suspended solids serving both as microbial substrate and
surface area for bacteria (Pedersen et al., 2017b). Besides the removal of substrate, the cartridge filters
may also have resulted in a direct removal of free-living bacteria from the water. Using membrane
filtration, Wold et al. (2014) found that water treated with a 50 nm membrane filter contained 80 % less
bacteria than a control systems without filter, and that this was accompanied by increased growth and
survival rate of cod larvae. In the current study, the reduction in microbial activity was less pronounced.
This was probably a consequence of using 1 um vs. 50 nm membrane filters since 1 um filters may not
remove all planktonic bacteria and colloidal particles. Additional explanations relate to different study
setups and different methods of measuring bacteria / determining bacterial activity (H,0, degradation
assay in the present study vs. flow cytometry in the study by Wold et al. (2014)). Micro filtration can reduce
the load of bacteria in an aquaculture system either directly or indirectly. The reduction in most metrics in
the current study significantly relating to cartridge filtration (i.e., PN, PV, PSA, and CODggy) indicates that 1
vs. 200 um cartridge filtration led to a reduction in the systems microbial carrying capacity (Attramadal et
al., 2012a; Skjermo et al., 1997). Systems are considered microbially stable when microbial activity is close
to the maximum that the system can sustain based on the amount of substrate (organic matter) available.
Bacterially stable systems have proven advantageous for breeding Atlantic halibut (Hippoglossus
hippoglossus) and Atlantic cod (Gadus morhua) larvae (Attramadal et al., 2012a; Vadstein et al., 1993).
Removal of particulate organic matter is also considered an advantage by, for example, reducing the scope
for heterotrophic growth, as well as reducing the potential for deposition and clogging in the system.

The results obtained here indicate that the cartridge filters had both direct impacts (removal of free
swimming bacteria and bacterial biofilm) and indirect impact by removing substrate for bacteria to grow
on.

4.2. Effects of UV irradiation
The antimicrobial effect of UV irradiation is well documented (Emerick et al., 1999; Loge et al., 1999;

Sharrer et al., 2005; Summerfelt, 2003; Timmons and Ebeling, 2010), while the impact of UV irradiation on

micro particles is less described.
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UV treatment in the current study resulted in significantly fewer particles in the water compared to
equivalent RAS without UV (fig. 2a) as well as in a reduction in microbial activity (comparing within same
cartridge filter pore size; fig. 2d). For example, 1um + UV treatment systems contained approximately 84%
fewer particles and 70% less PSA than 1um + UV systems at the end of the trial. These reductions were
accompanied by 90% less microbial activity in 1um + UV. Similar differences were observed between
200um + UV vs. 200um =+ UV systems and sustains that UV reduces the number of particles presumably by
killing bacteria.

A low HRT in system rearing tanks (approximately 20 minutes) also reduced the likelihood of bacteria
multiplying within the tanks when not exposed to UV disinfection. This is supported by the results as
samples were obtained just after the rearing units and before the UV disinfection, as well as the fact that
bacteria activity in UV treated systems by the end of the trial was similar to that in the start of the trial.

Previous studies have shown that large amounts of particles in the water reduces the efficiency of UV
(Carré et al., 2018; Qualls et al., 1983). This was not the case in the current study, where microbial activity
levels in both 1um + UV and 200um + UV treated systems remained low throughout the experiment
despite relatively high numbers of particles. This discrepancy may relate to the use of UV from the start of
the trial. In previous aquaculture related studies evaluating UV efficiency, UV has typically been applied to
water samples only after they contained high levels of bacteria. Under such conditions, bacteria in biofilms
attached to particle surfaces are less exposed, and this may partly protect them from the effects of UV
irradiation (Emerick et al., 1999; Loge et al., 1999). In the current study, bacteria where subjected to
constant UV dosing from the very start which probably prevented them from forming large biofilm
formations on particles. Furthermore, the applied UV dose was capable of delivering up to approximately
100 mW-s cm™ (62% UV transmission in the cleaner / less turbid tanks), and was thus over-dimensioned for
the systems. Commercial facilities generally use UV systems producing only 30-35 mW-s cm™ (Lekang,
2007). While the dose applied in the current study was high, it was still within the range applied by Sharrer
et al. (2005) using doses of up to 1800 mW-s cm™ in pilot-scale RAS, and obtaining up to 98% reduction in
heterotrophic bacteria counts. In that same study, a 300 mW-s cm™ dose resulted in an 81% reduction in
total heterotrophic bacteria counts. This is quite similar to the reduction obtained in the current study
(approximately 88% reduction when comparing within the same cartridge filter pore size) although direct
comparisons are hampered by different bacteria measuring techniques. All together, the results sustain
that the reduction in micro particles in systems treated with UV is mainly due to a reduction in bacteria.
This hypothesis is further reinforced by the fact that the reduction in particle numbers and surface area

mainly happened in the smallest size fraction, as seen from significantly smaller B values in UV treated
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systems indicating that the particle size distribution changed towards relatively larger particles (Patterson
et al., 1999).

A further effect of UV was a reduction in both COD fractions (although only statistically significant on
dissolved COD). While a reduction in particulate COD was anticipated as an effect of finer mesh cartridge
filtration, a reduction in the particulate and especially in the dissolved COD fraction in UV treated systems
was less expected. Microbial organic matter (organic matter which makes up the body of bacteria)
constitutes part of CODpprr and therefore a reduction in bacterial numbers will also eventually reduce
CODppgr. UV should on the other end have no direct impact on dissolved COD and we speculate whether
the reduction relates to a lower microbial activity. Keeping bacterial activity in the water at a low level
might result in a slower degradation of particulate matter and thereby, a slower transition of organic
matter from the particulate to the dissolved fraction (Henze et al., 1997). The positive correlation between
microbial activity and COD supports this explanation (table 2). It is also likely that part of the COD was
consumed and thus stored inside the biofilter due to reduced competition from free swimming bacteria
making more organic matter available to bacteria in the biofilm. A slower degradation of particulate organic
matter may additionally resulted in a positive feedback in a RAS by increasing the efficiency of mechanical
removal devices, which could help to explain the differences in particle numbers seen between treatments.
However, further research is needed to resolve this, including an assessment of the organic matter
removed, as well as an assessment of the biofilter condition over the course of the trial.

The reduction in most measured parameters caused by UV irradiation, including especially the reduction
in CODpyss, suggests that much like cartridge filtration, UV lead to a reduction in system carrying capacity.
However, while UV may have led to a reduction in the system carrying capacity of the water by reducing
easily available organic matter in the water phase, it also selectively eliminated bacteria from the water
phase, potentially pushing the microbiota below the carrying capacity of the systems and causing a shift in
bacterial communities. While such changes in bacterial communities were shown to have negative effects
on cod larvae (Attramadal et al., 2012b), similar effects on rainbow trout remain to be studied.

Hence, while a reduced microbial activity and less particulate matter may generally be perceived as
positive, it could be hazardous in case of UV failure suddenly making a part of the system carrying capacity
available for fast growing bacteria. The balance between UV irradiation and microbial carrying capacity is
thus important considering potential effects of a UV failure.

As discussed in the introduction, part of the total micro particles in RAS is composed of bacteria. The
results obtained by the use of intensive UV reducing PN by approximately 84% suggest that, at least by
numbers, the proportion of bacteria in the very small fraction of micro particles is very high in intensive

RAS, since the dose of UV applied should only affect the living cells.

98



4.3. Combined effects
The combination of UV treatment and microfiltration had synergistic effect on microbial activity. The

combined effects of UV and cartridge filtration were probably a result of direct, mechanical bacteria
removal and removal of substrate, as well as inactivation of bacteria due to UV exposure.

A combination of UV and 1 um cartridge filtration produced the best results including approximately
88% removal in all micro particle metrics (number, volume, and surface area), 86% reduction in CODparr,
44% reduction in CODpss, and 95% reduction in microbial activity. These results not only suggest a large
reduction in the microbial carrying capacity, but potentially also a reduction in system oxygen consumption
and CO, accumulation. In addition, a large reduction in particulate matter could potentially reduce the risk

of clogging and sludge deposition in the RAS loop.

4.4. General system performance
Fish mortality did not differ between treatment groups and were presumably primarily related to the

relatively high temperatures (up to 22 °C) experienced during the trial. Similarly, nitrate levels did not vary
across treatments sustaining that all systems were operated at similar recirculation intensity, and also that

the use of UV and cartridge filtration had no impact on the accumulation of nitrate.

5. Conclusion
Overall, this study showed that the use of either UV treatment or 1 um cartridge filtration significantly

improved the water quality in pilot-scale RAS, with reductions across all measured water quality metrics.
The use of 1 um cartridge filtration especially reduced the amount of particulate organic matter, while UV
treatment led to a large reduction in microbial activity and micro particle numbers. Furthermore, the use of
UV reduced the amount of dissolved COD, suggesting a potential feedback mechanism between microbial
activity and the amount of dissolved organic matter in a system. The results suggest that 1 um filtration
controlled the amount of micro particles and bacteria by direct removal thereof, but also by the removal of
substrate used by bacteria. In comparison, UV appears to reduce the development of micro particles trough
the inactivation of bacteria in the water and in addition, by potentially reducing the availability of dissolved
substrate for microbial growth.

The use of 1 um cartridge filtration is, however, not realistic in most commercial applications where
other techniques and technologies must be applied / developed if similar micro particle removal is to be
achieved. While UV may not be the first choice for addressing micro particle removal in RAS, the positive
impact of the applied UV dose on micro particle levels, dissolved organic matter concentrations, and
microbial activity in conjunction with their availability and ease of use, makes UV in combination with fine

mechanical filtration a promising tool for managing and improving water quality in RAS.
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Table 1. Two-way analysis of variance (Anova) of particle data carried out on data from the end of the trial.

Treatment Statistical Particle Particle Particle Microbial CODpss CODpprr 6 Value
parameter Number Volume Surface Area activity (mg ') (mg ')
(#ml) (mm? mr?) (mm? ml?) (k*)
Within UV F 374 2.8 19.8 66.8 42.0 1.3 20.7
p-value <0.001 0.130 0.002 <0.001 <0.001 0.281 0.002
Within Filter F 7.5 46.8 65.0 13.0 4.1 32.2 0.8
p-value 0.025 <0.001 <0.001 0.007 0.078 <0.001 0.387
Interaction F 0.08 1.6 0.89 7.7 2.2 0.4 14
p-value 0.782 0.237 0.372 0.024 0.173 0.566 0.264

Table 2. Pearson’s correlation coefficients (r) between selected water quality parameters measured throughout the trial.

Comparison Statistical 1um+UV  200um + UV 1um+ UV 200um + UV Total data*
parameter (n=12) (n=12) (n=12) (n=12) (n =48)
Volume of particles vs r 0.98 0.96 0.97 0.96 0.96
CODprt p <0.001 <0.001 <0.001 <0.001 <0.001
Microbial activity vs r 0.66 0.81 0.78 0.61 0.78
CODpyss p 0.018 0.0013 0.0026 0.0367 <0.001
Microbial activity vs r 0.65 0.79 0.83 0.76 0.79
COD+oraL p 0.02 0.002 <0.001 0.003 <0.001
Microbial activity vs r 0.93 0.95 0.93 0.87 0.95
Number of particles p <0.001 <0.001 <0.001 <0.001 <0.001

*Total data corresponds to correlations made with all data points from the 4 different treatments.
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Figure 1: Simplified schematic representation of the 12 RAS units used in the trial, depicting the
sampling location and components and filtration units added: a) System fitted with filter housing and UV; b)

System fitted only with filter housing.

Within each UV treatment (i.e., UV or no UV) filter housings were fitted with wither a 1 um or a 200 um

cartage filters. Arrows indicate the direction of the flow.
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Figure 2: Time series of measured water quality parameters during the trial. Results are shown as
moving average of 3 data points. Statistical differences at the end of the trial are indicated in the figure and
summarized in table 1. Different capital letters indicate differences within UV treatment while different
small letter indicate differences within cartridge filtration treatments. a) Number of particles b) Volume of
particles c) Surface area of particles d) Microbial activity e) COD particulate f) COD dissolved. *Interactions
between main factors (UV and filters), in which case statistics refers to the difference within each main
factor.
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Abstract
Micro particle loads and bacterial activity in RAS have gathered a lot of attention in recent years, with

their development and impacts central to the discussion about water quality. In recent years, new technics
for measuring bacterial activity in RAS have also been developed. However, many of this new technics (and
some of the older technics used for measuring micro particles) lack international standards regarding
collection, storage and treatment, leaving a lot of this decisions up to the researchers. In order to
determine the implication of sample storage in the determination of micro particles and bacterial activity in
RAS water, samples from two RAS systems were collected and stored at room temperature (20°C) and 4°C.
Samples were also frozen to test the effect of freezing the samples. Micro particles, bacterial activity
(measured as H,0, degradation and BactiQuant), biochemical oxygen demand after 5 days (BODs) and
chemical oxygen demand (COD) were measured initially and then after 3, 6, 24 and 72 hours.

The results revealed opposite effects on both samples. The sample collected from RAS1 remained stable
for the first 6 hours and then started to decrease, especially regarding micro particle numbers and bacterial
activity. On the other end, samples collected from RAS2 show a significant increase in both bacterial activity
and micro particle numbers after just 3 hours, even under storage at 4°C.

The storage at 4°C resulted in smaller and slower variations, probably caused by a decrease in bacterial
activity. However, statistical significant differences were still observed. The frozen samples showed the
largest variation, probably due to impacts on the bacterial populations.

While sample storage will always be required, the results of this trial indicate that storage of samples
should be kept as short as possible and in cold conditions as storage procedure is critical for obtaining

repeatable and reliable results, regarding bacterial activity and micro particle analysis.
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Introduction
Monitoring and control of water quality is an important part of recirculating aquaculture system (RAS)

management, research, and development. A prerequisite for this is access to accurate and reliable
analytical methods. The majority of methods are standardized in terms of sampling, conservation, and
storage prior to analysis in order to ensure reproducible results. Examples hereof includes biological oxygen
demand after 5 days (BODs - ISO 5815-2:2003), chemical oxygen demand (COD - ISO 6060:1989), total
suspended solids (TSS — DS/EN 872:2005), and nitrate (ISO 7890-1:1986).

Recent attention on microbial water quality in RAS has been accompanied by use of new methods
(Pedersen et al., 2019; Rojas-Tirado et al., 2016). Among these are methods used to estimate bacterial
activity such as BactiQuant (Mycometer A/S, Denmark) and H,0, degradation method (Pedersen et al.,
2019). These methods have been applied to quantify bacterial loads (Becke et al., 2019; de Jesus Gregersen
et al., 2019; Pedersen et al., 2017; Podduturi et al., 2020; Rojas-Tirado et al., 2018, 2016), while different
particle counters have been used to analyse micro particles and particle size distribution (PSD), as well as
enumeration and quantification of particle volume and surface area (Becke et al., 2020; Brinker et al.,
2005a, 2005b; Chen et al., 1993; Cripps, 1995; de Jesus Gregersen et al., 2019; Fernandes et al., 2014).
However, despite becoming more commonly used, most of these methods do not have a standard protocol
for sample storage. If possible, analyses are preferably made on fresh samples as post sampling conditions
potentially affect measurements due to bacteria dynamics and organic matter turnover. However, on-site
or real time analyses are not always an option and conservation and/or storage of water samples might be
needed. Effects of this are rarely reported in scientific literature. To be able to compare results of microbial
water quality obtained under different post sampling conditions, information on assay reproducibility is
needed.

The objective of this study was to test effects of storage time and temperature on microbial activity and
PSD in RAS water samples. This was investigated in RAS water sampled from two different facilities by

storing samples at three different temperatures for up to 72 hours prior to analysis.

2. Materials and methods
2.1. Experimental setup
Water was collected from two different RAS: A pilot scale freshwater system (RAS1) and a commercial

saltwater system (RAS2). The pilot scale system (RAS1) had a total volume of 8 m® including a 7 m’ rearing
tank with 160 kg rainbow trout (Oncorhynchus mykiss) fed 1 kg feed daily (Efico, Biomar, Denmark). In
addition, it contained four 0.4 m? biofilters (2 moving beds and 2 fixed beds) ran in parallel, a trickling filter,

and a drum filter. Water was collected at the outflow of the rearing tank prior to the drum filters. 1 m?
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makeup water was added daily, resulting in a feed loading of 1 kg feed m™. A detailed description of the
system can be found in Fernandes et al. (2016).

The second system sampled (RAS2) was part of a commercial facility producing approximately 1000 tons
Atlantic salmon (Salmo salar) per year. The specific system was composed of four grow-out tanks, four
drum filters, two biofilter sections, and a degassing unit. Furthermore, the system was equipped with a UV
disinfection unit and a protein skimmer with ozone. Water from this system was collected in the outflow of
one of the rearing tanks before the drum filters.

2.2. Water sampling and analysis
A total volume of approximately 55 | was collected from each system. Samples were subsequently

transferred to a 60 | container with a circulation pump (Tunze nanostream 6015, TUNZE® Aquarientechnik
GmbH, Germany) to ensure proper mixing and homogenous sub-sampling. Ten 1.5 | sub-samples in
triplicate (i.e., 30 samples in total) were obtained from each RAS. One triplicate sub-set was analysed right
away while another sub-set was stored at -20°C and analysed after one month of storage. Either half of the
remaining eight sub-sets were stored in climate rooms at 4 or 20°C and analysed after 3, 6, 24, and 72
hours of storage.

All samples were analysed for particle numbers (PN), particle volume (PV), total chemical oxygen
demand (CODqgra; ISO 6060, 1989), and bacterial activity. The latter was assessed by a H,0, degradation
assay (Pedersen et al., 2019a) and BactiQuant (Mycometer A/S, Denmark) following manufacturer
instructions. Samples stored for 0, 24, and 72 hours were analysed for total biological oxygen demand after
5 days (BODs.ro7ai; 1SO 5815-2:2003) modified by adding allythiourea (ATU) to inhibit nitrification. Particles
were analysed using a Multisizer 4e Coulter Counter (Bechman Coulter, Inc, Indianapolis, USA), utilizing
both a 50 um and a 250 um aperture. All analysis were made in replicate.

In order to track sample temperature when stored at 4°C, and test a possible way to improve cooling,
two extra samples were stored at 4°C. Each sample was fitted with a temperature probe connected to a
logger (Hack HQ40d, Hach Company, USA), with temperature readings every 5 minutes. One sample was
kept in a shelf, while the second sample was placed in a water bath with ice, to increase heat loss.

2.3. Data analysis
One way ANOVA was used to compare start values against subsequent values within each system and

storage temperature. A Holm-Sidak test was performed in case of significant differences. Differences were
considered significant at p < 0.05. No comparisons were made across different storage temperatures as the
objective was to detect any changes from the original start value only.

Pearson Product Moment correlation analyses were carried out to test for correlation between particle
numbers and bacterial activity. All statistical analyses were performed in SigmaPlot 13.0 (Systat software

Inc., USA). Data are presented as average * standard deviation.
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3. Results

3.1. Microbial activity

3.1.1. H,0, degradation

The H,0, degradation rates (k, h™) in samples from RAS1 stored at 4°C remained stable after 72 hours

(fig. 1a). In comparison, degradation rates in RAS1 samples stored at 20°C were significantly lower after 24
and 72 hours storage. Degradation rates in samples from RAS2 were lower than those in RAS1 and were
significantly affected by both storage time and temperature. Bacterial activity in samples stored at 4°C was
significantly higher at all times compared to start samples. Similarly, bacterial activity in samples stored at
20°C increased significantly until 24 h compared to start while it was significantly lower after 72 hours.
Degradation rates in frozen samples from RAS1 and RAS2 were 80 and 50% lower, respectively than
samples that had not been stored.

3.1.2. BactiQuant
BactiQuant results were very similar to those of H,0, degradation (fig. 1b). BactiQuant values (BQVs)

measured in samples from RAS1 stored at 4°C remained stable for all 72 hours. For samples stored at 20°C,
BQVs were significantly lower after 24 and 72 hours storage. For RAS2 samples, BQVs increased compared
to the start reaching a maximum at 24 hours in samples stored at either 4 or 20°C. As for H,0,, BQVs in
samples stored for 72 hours at 20°C were significantly lower than in non-stored samples. Similarly, freezing
samples from RAS1 and RAS2 reduced BQVs by 51 and 42%, respectively.

3.2. Micro particles
3.2.1. Particle numbers
With the exception of frozen samples from RAS2, particle numbers (PN) were significantly different from

the initial samples at all storage times and temperatures (fig. 1c). For RAS1 samples, PN declined during
storage, the decline more accentuated in samples stored at 20°C than at 4°C. Similarly, freezing samples
from RAS1 reduced PN significantly.

In contrast, PN in samples obtained from RAS2 increased significantly during the first 24 hours of storage
independently of storage temperature. However, after 72 hours, PN in samples stored at 20° were
significantly lower than in non-stored samples.

Particle numbers correlated significantly with H,0, degradation rates and BQV in samples from both
systems (table 1).

3.2.1. Particle volume
Particle volume (PV) did not change during storage except for in frozen RAS1 where PV was significantly

higher than in the initial sample (fig. 1d).
3.3.COD
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Total COD remained stable throughout the length of storage for both RAS1 and RAS2 samples (fig. 1e).
The only exceptions were samples from RAS1 which after 24 and 72 hours storage at 20°C, and RAS2

samples which after 72 hours storage at 20°C were slightly but significantly lower than at start.

3.4. BOD;
There was no change in BODs.1ora. after 24 hours storage of RAS1 samples at 4°C, whereas BODs rora

was significantly lower after 72 hours of storage (fig. 1f). For RAS1 samples stored at 20°C, BODs.tora. Was
significantly lower after 24 and 72 hours storage.

Similar trends were observed in samples from RAS2 although here, BODs.1ora. Was significantly lower at
all storage times and temperatures. Freezing samples from RAS1 or RAS2 similarly reduced BODs1orac
significantly compared to non-stored samples.

3.5. Correlation

Correlation analysis between bacterial activity and particle numbers, revealed high correlation
coefficients (tab. 1), with statistical significance in all comparisons (n=27, p<0.001)

3.6. Sample cooling procedure

Samples obtained from either system had an initial temperature of 15 °C. It took approximately 9 hours
to cool samples to 5.0°C and 18 hours to reach 4.0°C (fig. 2) if storing them in a climate room of 4.0°C (as in
the current study). In comparison, placing samples in a water bath with ice in a fridge at 4.0°C cooled them

to 4.0°C in approximately 1 hour.

4. Discussion
The main focus of this study was to investigate potential implications of sample storage time prior to

analysis of micro particle levels and bacterial activity. The timespan from when samples are obtained and
until they are analysed in the laboratory is seldom mentioned in scientific articles despite that the distance
to sampling sites may require samples to be stored for several hours at uncontrolled temperatures. Results
obtained in this experiment illustrate the impact that storage time and temperature may have on analyses
of micro particle levels and bacterial activity.

Water from two RAS sampled in this study showed widely different results for most metrics measured
with clear implications in terms of precision of analysis and interpretation of results. Storage time and
temperature had less impact on RAS1 than RAS2 samples. As seen in a previous study (de Jesus Gregersen
et al., 2020), the strong correlations between particle numbers and bacterial activity determinations,
especially in RAS1 samples (table 1), sustain that a large share of what is typically considered micro
particles in RAS samples is in fact living microorganisms. Changes in samples during storage is therefore

presumably caused by changes in bacteria populations within samples. This would explain why especially
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RAS1 samples stored at 4°C were less affected during storage than other samples as bacteria metabolism is
slowed down at lower temperatures (Iriberri et al., 1985; Pomeroy and Wiebe, 2001).

Changes in bacterial communities may also explain the concomitant increase in micro particle numbers
(defacto bacteria) and bacterial activity in RAS2 samples observed just three hours after sampling but for
different reasons than temperature. One reason might be a higher availability of easily degradable organic
matter in RAS2 samples. However, the organic matter biodegradability index, the BODs/COD ratio (Srinivas,
2008), was similar in RAS1 and RAS2 samples (0.14 and 0.16, respectively) making this explanation less
likely. Differences in salinity might be another explanation. However, unpublished data (supplementary
material) on samples from two different pilot-scale freshwater systems and one saltwater system showed
that storing these samples for 24 hours at 4°C did not affect bacterial activity or micro particle numbers.

The most likely explanation is the use of disinfectants in RAS2. Both protein skimmers with ozone and
UV were applied in the commercial facility to reduce / control bacteria (Attramadal et al., 2012; Bullock et
al., 1997; Gongalves and Gagnon, 2011; Huyben et al., 2018). Disinfection therefore likely kept bacterial
activity under control and below system carrying capacity. Once water samples were collected and bacteria
were no longer subjected to disinfection, they were able to utilize the organic matter available and fully
exploit system carrying capacity.

In comparison, RAS1 (and unpublished-trials) were operated without disinfection. This probably allowed
the systems to be close to carrying capacity (Attramadal et al., 2012; Vadstein et al., 1993), supporting the
lack of changes in the bacterial activity during the first 3-6 hours of storage and the less pronounced change
in numbers and activity over time compared to RAS2.

Changes in micro particle numbers were primarily within the 1-3 um size range and no changes were
observed in total particle volume except in frozen samples, where particle volume increased. These results
reinforce the hypothesis that most changes observed were bacteria driven. This is also support by the very
high correlation coefficients found between bacterial activity and bacterial numbers. The results
furthermore support the hypothesis that systems operated at carrying capacity are more stable and less
prone to sudden increases in bacteria populations than system kept deliberately low in bacteria numbers
(De Schryver and Vadstein, 2014; Vadstein et al., 1993).

In general, storing samples at 4°C appeared to dampen changes in micro particles number and bacteria
activity in both systems. Still, changes were observed and this may relate to the time it took cooling
samples to 4°C (fig. 2), allowing bacteria to keep multiplying especially in RAS2 samples for the reasons
discussed above.

Freezing samples resulted in a decline in most metrics measured (bacteria activity and particles). While

some bacteria can survive freezing for prolonged periods of time (Wallenius et al., 2010), most probably
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cannot. As both the H,0, degradation method and BactiQuant work by measuring enzyme activity, they

should not be applied to samples that have been frozen.

The results obtained in this study highlight some of the challenges faced when analysing micro particle
levels and bacterial activity in RAS. As demonstrated, even short periods of storage (three hours) may have
a significant impact on the results. This may potentially affect the interpretation of within system variations
or it may affect system comparisons or comparisons of different treatments within an experiment.

However, while samples should clearly be analysed as soon as possible, some trials and sampling
locations may require some sort of storage. A potential way to reduce the impact of sample storage could
be to reduce the time taken to cool down samples. As shown in figure 2, this may for example be obtained
by placing samples in a 4.0°C water bath to promote a rapid loss of heat and presumably reduce further

changes from happening in the samples. This was, however, not tested in the current study.

5. Conclusion

The large changes even during short term sample storage especially in samples from RAS2, are a clear
indication that sampling and storage procedure are critical for obtaining repeatable and reliable results on
micro particle levels and bacterial activity in RAS. While it is not always possible to analyse samples
immediately after collection, the way samples are handled and stored should be considered beforehand
and reported. This is especially true when comparing different treatments within a system or comparing
absolute values from different systems.

Storing samples at low temperatures seems to slow down changes and increase reproducibility. Despite

this, the time taken for samples to cool down may still affect results.
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Table 1. Pearson Product Moment correlation (r) between particle numbers and bacterial activity in
samples from the two systems measured as BactiQuant and H,0, degradation

RAS1 RAS2

r p N r p N

Particle numbers vs. H,0, degradation rates 0.91 <0.001 27 0.67 <0.001 27
Particle numbers vs. BactiQuant values 0.94 <0.001 27 0.89 <0.001 27
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Figure 1. Changes in bacterial activity (H,0, degradation rates and BactiQuant values), micro particle number and
volume, and organic matter concentrations (CODgra. and BODs.1ora ) during storage of samples from RAS1 and RAS2.
Different lower case letters above each sub-panel reflect statistical differences with respect to start samples, i.e., “a”
indicates no difference compared to the start sample while “b” indicates statistical difference. The four letters
represent each treatment in the order: RAS1 4°C, RAS1 20°C, RAS2 4°C and RAS2 20°C. Regarding frozen samples,
letters represent RAS1 and RAS2 respectively. No samples were collected at time 3 and 6 for BODs.1ora.. Line from

start to time 24 in the BODs o1 graph is for visual representation only.
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Figure 2. Temperature changes during 20 hours in samples stored at 4°C in a cooling room or in a water bath.
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Abstract

Foam fractionation is often considered an ineffective way of removing organic matter from freshwater
due to the low surface tension. However, there is a lack of studies testing foam fractionation efficiency in
freshwater aquaculture systems including recirculating aquaculture systems (RAS). Foam fractionation may
be applied with or without ozone. To test its efficiency in freshwater RAS, a two-by-two factorial trial was
carried with foam fractionation and ozonisation as main factors, each at two levels (applied or not applied).
Each treatment combination was carried out in triplicate systems using 12 replicated pilot scale RAS with
juvenile rainbow trout (Oncorhynchus mykiss). Besides measuring water quality parameters, potential
organic matter build-up in biofilters was examined.

The trial lasted 8 weeks and samples were obtained once a week. Each system was fed 100 g feed daily
and 60 L make-up water (MUW) was applied corresponding to 1.66 kg feed m™. Use of ozone by itself
significantly reduced the number of particles (83 %), bacterial activity (48 %) and particulate BOD; (5-days
biochemical oxygen demand; 54 %) while increasing ultra violet transmittance (UVT; 43 %), compared to
the control treatment. Foam fractionation lead to significant reductions in particle numbers and volume (58
and 62 %, respectively), turbidity (62 %), bacterial activity (54 %) and total BOD; (51 %).

A combination of treatments resulted in a significant and an at least 40 % improvement in all but one
metric (UVT), including a 75 % reduction in organic matter (BODs), 79 % reduction in turbidity, 89%
reduction in particle numbers and 90 % reduction in bacterial activity compared to the control treatment.

The removal efficiencies were within the same range as those observed in previous studies conducted
with foam fractionators in saltwater systems (with or without ozone), corroborating that foam fractionation

may become a tool for controlling organic matter build-up and bacterial loads in freshwater RAS.
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1. Introduction

The build-up of organic matter in recirculating aquaculture systems (RAS) is among the largest
challenges in the industry (Martins et al., 2010). Organic matter build-up in RAS derives from fish excretions
and feed spill (Schumann and Brinker, 2020). Modern aquaculture facilities are typically equipped with
primary solids removal technologies based on particle sedimentation (e.g. settling cones) and filtration (e.g.
drum filters) (Timmons and Ebeling, 2010). As a result of prolonged retention times in RAS, together with
the use of technologies which target mainly larger particles, fine solids and dissolved organic matter
accumulate in the system (Shulin Chen et al., 1993; de Jesus Gregersen et al., 2019; Fernandes et al., 2014;
Patterson et al., 1999).

The accumulation of fine solids is considered problematic due to their small size and large surface area
to volume ratio providing food and space for bacteria growth (de Jesus Gregersen et al., 2019; Pedersen et
al., 2017a). Similarly, dissolved organic provides energy for free-swimming bacteria. Increased bacterial
growth in RAS in turn leads to increased oxygen consumption, clogging of biofilters and potentially reducing
nitrification capacity (Chen et al., 2006; Zhang et al., 1994). Organic matter build-up in stagnant areas is
also thought to explain recent cases of H,S driven mortality events (Dalsgaard, 2019; Letelier-Gordo et al.,
2020).

A large portion of micro particles is composed of living microorganisms and can therefore be controlled
by e.g. ultraviolet radiation (UV) (de Jesus Gregersen et al., 2020). While UV disinfection is commercially
relevant due to its technological maturity and easiness of application, it does not deal with organic matter
build-up which is the underlying cause of microbial growth, causing an increase in the systems carrying
capacity (Blancheton et al., 2013; Vadstein et al., 1993).

Direct removal of fine solids can be achieved using different strategies. Reducing drum filter mesh size is
one possibility but rapidly becomes costly (Dolan et al., 2013). Membrane filtration is another option shown
to reduce colloidal particles in RAS by 77% and turbidity by 44% (Holan et al., 2014b). However, membrane
filtration is also costly and a main reason for why it is not implemented in the industry (Viadero and Noblet,
2002). Fossmark et al. (2020) for example estimated that it would increase production costs by 27% to
apply membrane filtration to Atlantic Salmon (Sa/mo salar) RAS.

An alternative technique for removing fine solids and even dissolved organic matter is foam
fractionation (FF). Foam fractionation relies on surfactants in the water to generat foam that removes
particulate and dissolved organic matter (Timmons and Ebeling, 2010). Foam fractionation has been show
to concentrate TSS by 17 to 40 times in the foam condensate (Weeks et al., 1992), and reduce particulate
matter and bacteria in saltwater RAS (Barrut et al., 2013; Brambilla et al., 2008). Recently, Ji et al. (2020)

tested the combined effects of drum filters followed by FF in saltwater RAS. The results showed similar or
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better removal efficiently of FF compared to the drum filter when drum filter was equipped with mesh
filters of 120 and 90 and 60 um. Only when the drum filter was equipped with a 40 um filter, did it had
clearly superior removal efficiency.

Ozone (0O;) dosage can be coupled to FF. Ozone is a strong oxidizing agent that can be used by itself for
disinfection in RAS (Gongalves and Gagnon, 2011; Powell and Scolding, 2016).

The strong oxidizing properties of Oz allow it to break down complex molecules in to simpler ones and in
the process reduce organic matter loads (Davidson et al., 2011; Summerfelt et al., 2009).

As is applied with FF to improve foam fractionation efficiency not only by breaking down complex
molecules so that they are more easily removed, but also by increasing coalescence of particles (Li et al.,
2009; Summerfelt et al., 1997).

Foam fractionation has traditionally only been applied in saltwater systems due to seawaters high
surface tension whereas their efficiency in freshwater RAS remains to be documented. The objective of this
study was therefore to access the potential of FF and O; (individually and combined) for improving the
water quality in freshwater RAS, including effects on organic matter build-up, micro particle accumulation

and bacterial activity in the water as well as organic matter accumulation in the biofilter.

2. Materials and methods

2.1. Experimental setup

A two-by-two factorial experiment with foam fractionation and ozonisation as main factors was
performed in 12 replicated, 0.8 m> pilot scale freshwater RAS (fig. 1) at DTU Aqua in Hirtshals, Denmark.
Four treatment combinations were applied: 1) three control RAS without FF and Os; three RAS with FF;
three RAS with O; dosing; and three RAS with FF + O3 dosing combined.

Each RAS was composed of a: 100 L cylindroconical biofilter filled with 40 L RK BioElements (RK
BioElements, Denmark) and operated as a moving bed biofilter with an air flow of 4 L min™; a 200 L pump
sump; and a 500 L cylindroconical rearing tank with a metal grid preventing fish from assessing the bottom
cone (fig.1).

Two DC Runner 5.2 pumps (Aqua Medic GmbH, Bissendorf, Germany) in the pump sump pumped
approximately 1500 L h™ to the biofilter and 2000 | h™ to the rearing tank, corresponding to a retention
time in the rearing tank of approximately 15 min.

In order to test the effects of FF and Os, six systems were fitted with foam fractionators (Sander Fresh
Skim 200, Erwin Sander Elektroapparatebau GmbH, Germany), three systems were fitted with 1.8m high
bubble columns (same height as the FF) where O; was injected and the remaining three systems were kept

standard as control systems. Three of the systems fitted with FF were supplied with O; (injected in the
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skimmer), while the remaining 3 systems were feed only air, to test the effects of FF alone. Three ozone
generators (Ozonizer S 500, Erwin Sander Elektroapparatebau GmbH, Germany) were used to supply Os. In
order to mitigate small changes in O3 production, each ozoniser supplied a system fitted with a bubble
column and a system fitted with a FF.

Foam fractionators were operated with a water flow rate of 1500 | h™ and an air flow rate of either 1320
| h* (air alone) or 1200 | h™* (air) plus 120 | h™* ozonized air. Bubble columns were supplied with 120 | h*
ozonized air. Hydraulic retention time within FF and bubble columns was kept equal to ensure equal
contact time in both systems. All gas intakes were controlled by flow meters (Key Instruments Variable area
flow meter, Key Instruments, USA). Ozone was injected at a dosage of 20 g O; kg feed. Incoming O; gas
concentrations were measured using a UV spectrophotometer (at 254nm) and flow through cell as
described in Hansen et al. (2010). Furthermore, to estimate the amount of O; that reacted in the water, O;
gas concentrations from the foam fractionators and bubble columns outflow air were measured at regular

intervals.

Figure 11. Pilot scale RAS including a: 1) rearing tank; 2) moving bed biofilter; 3) pump sump; and 4) sludge

collector

Each system was stocked with 8.05 + 0.03 kg juvenile rainbow trout (Oncorhynchus mykiss). The fish
were fed a fixed ration of 100 g d™ (Efico E 920, Biomar, Denmark), and 60 L of was replaced each day,
resulting in a feed loading of 1.66 kg feed m™. Oxygen levels were controlled using an OxyGuard Pacific
system (OxyGuard International A/S, Denmark) and ranged between 85 and 90% saturation throughout the

trial. Bicarbonate was added when needed to keep pH between 7.0 and 7.3. Primary solids were collected
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in settling columns at the bottom of the tanks. Each day, the conical part of the tanks were cleaned using
magnetic cleaners (Tunze care magnet, TUNZE® Aquarientechnik GmbH, Germany) and the settling
columns were emptied.

The trial lasted eight weeks and samples were obtained once a week. All 12 RAS had been operated
without foam fractionation and ozonisation for 13 weeks prior to the trial, feed 60 grams daily and all
biofilters were fully operational. Feeding was increased from 60 to 100 grams 3 days prior to the start of

the trial.

2.2. Water sampling and analysis

Fish biomasses were weighed at the start and by end of the trial. Water samples were collected on day 0
prior to starting the foam fractionators and ozonisers. All water samples were collected in the morning
before any daily routines. A 5 L water sample was collected from the sump of each RAS and spilt into
homogeneous subsamples for individual analysis. Oxygen reduction potentials (ORP) and pH were
measured daily in the sump before daily routines using a Hach HQ40d Portable Multi Meter (Hach Lange,
USA), and temperature was logged automatically by the OxyGuard Pacific system (OxyGuard International
A /S, Denmark).

Particles between 1 and 200 um were measured using a Multisizer 4e Coulter Counter (Bechman
Coulter, Inc, Indianapolis, USA) and both a 50um and a 280um apertures. Particles were grouped in size
classes as described by Patterson et al. (1999). Assuming particles to be spherical, volume (V; mm?® ml™) and
surface area (SA; mm? ml™) of particles within each size class was calculated as: V=4/3 -m-r*-xand SA=4
-1 1’ - X, respectively, where r is particle radius within the size class and x is the number of particles within
that size class. Total particle numbers (PN), total particle volume (PV), and total particle surface area (PSA)
for the full range measured (1-200 um) was calculated by summing the contribution from the different size
classes.

To compare systems, particle size distributions were summarized by the B value as described by
Patterson et al. (1999). In short, B value is the slope of the log-log transformed relationship between
number of particles within size classes and the corresponding size class median diameter. A lower B value
indicates a system dominated by larger particles whereas a higher B value indicates a system dominated by
smaller particles.

Turbidity was measured using a Hach 2100Q (Hach Lange, USA), while UVT was measuring using a UV
spectrophotometer (Beckman DU® 530 Life Science UV/Vis Spectrophotometer, Bechman Coulter, Inc,

Indianapolis, USA)
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Microbial activity was quantified using the hydrogen peroxide (H,0,) decomposition rate assay with the
degradation rate constant (k, h™) quantifying microbial activity (Pedersen et al., 2019). Additionally,
microbial activity was measured using the BactiQuant (Mycometer A/S, Denmark) assay, expressing activity
as relative BQ values.

Organic matter was measured as the 5-days biochemical oxygen (BODs) and chemical oxygen demand
(COD). Both metrics were measured in non-filtered (BODs_1,; and COD+;) and filtered (BODs_pis and CODps)
water samples using 0.45 um filters (Advantec® membrane filter, Toyo Roshi Kaisha, Ltd, Japan).
Corresponding particulate fractions (i.e., BODs.p,: and CODp,;) Were calculated as the difference between
the two. BODs was measured following ISO 5815:1989 modified by adding allylthiourea (ATU) (Fluka
Chemika).

Nitrate-N, nitrite-N and ammonium-N where measured by spectrophotometry following ISO 7890-1
(1986), DS 223 DS and DS 224, respectively.

Eight bio-elements from each biofilter were collected weekly and placed in 50 ml test tubes that were
stored at -20 °C prior to COD analysis. To detach the organic matter, 20 ml Milli-Q water was added to each
test tube and the tubes sonicated for 10 min using a Bransonic® ultrasonic cleaner (Branson Ultrasonics
Corp, USA). The resulting water was transferred to a beaker and analysed for COD¢; as described above.

Ozone concentrations in the water were measured using two methods: via the colourmetric N,N-diethyl-
p-phenylenediamine (DPD) method (Buchan et al., 2005; Schroeder et al., 2015) and indigo method (Ozone
AccuVac® Ampules, Hach Lange, USA).

2.3. Data analysis

All data are presented as average + standard deviation. Statistical analyses were performed in SigmaPlot
13.0 (Systat software Inc., USA). Results of the two main factors (i.e., foam fractionation and ozonisation)
were compared using data from the last three trial weeks (n=9), to account for system weekly variability.
Data were tested for normality (Shapiro-Wilk test) and equal variance (Brown-Forsythe). Data that did not
meet these requirements were log transformed prior to two-way ANOVA analysis followed by a Holm-Sidak
analysis in case of significant main effects. As BactiQuant and BODs.p;s results did not meet the equal
variance assumption either before or after conversion they were not subjected to two-way ANOVA
analysis. Differences were considered significant at p < 0.05.

Removal percentages were calculated relative to the control treatment based on averages of the last

. Treatment
three trial weeks as: % removal = ———  * 100.
Control

3. Results
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One fish died during the trial, and no differences were found in biomass growth rates. Oxygen

saturation ranged between 85 and 90%, pH between 7.0 and 7.3, and temperature between 17 and 21°C

throughout the trial. There were no differences in ammonium and nitrate levels by the end of the trial,

while nitrite was significantly lower in systems fitted with foam fractionators (table 1).

3.1. Micro particles

3.1.1. Particle Numbers

Micro particle numbers declined in the first half of the trial, including control systems (fig. 2a). Systems

treated with ozone displayed rapid declines within the first week (over 80 % reduction in numbers) and

remained stable at a low level until the end of the trial. Systems fitted with foam fractionators showed a

much slower reduction in numbers, resulting in a final reduction of 58 % compared to the control. Both

factors resulted in significantly lower particle concentrations in all 3 treatment groups.

Table 1. Average water and biofilter results of the 3 last weeks of sampling (+ standard deviation). *

indicates statistical significant effects of the main factors (FF and O;), while ® indicates interactions between

main factors.

Foam fractionator Units
Treatment Control Foam fractionator Ozone

+ Ozone
Num. Particles | 2.43 +1.38 1.01+1.01* 0.42 £0.22* 0.27+0.14 million mI™
Vol. Particles | 0.037 £0.012 0.014 + 0.003* 0.025 +0.006* 0.009 + 0.002 mm> ml™*
S. A. particles | 30.39 +8.77 14.32 +5.75* 9.84 +2.52* 5.23+1.95 mm? ml*
B value 3.74+0.24 3.77+0.28 3.20+0.22* 3.28+0.26
Turbidity 7.02+2.56 2.46 £ 0.83* 434 +1.07* 1.49+0.43 NTU
uvTt 51.72+2.59 59.37+2.01° 73.75+4.48°  75.94+1.36 % transmission
H,0, 0.84£0.24 0.33+0.17* 0.44 £ 027* 0.08 £0.03 k*
Bactiquant 77011 £ 32480 35779 + 24185 65674 + 30563 171106172 BQV
BODsrotal 6.09 +1.05 2.99 £ 0.89* 3.45 £ 0.55* 1.53+024 mgI™*
BODspissol 0.82+0.13 0.67 £0.10 1.01+£0.33 0.67 £0.04 mgI™*
BODspart 5.27 £0.98 2.33+0.88* 2.44 £ 0.69* 0.86 +0.023 mgI™*
COD1otal 37.64 £5.86 22.84 £ 2.70* 25.21+£2.90* 16.01+1.49 mgI™*
CODpjssol 21.36+1.71 17.84 £ 1.01* 14.83+1.05* 12.78+0.78 mgI™*
CODpar 16.29+4.74 5.00 +2.91* 10.39+2.93* 3.23+1.94 mgI™*
Ammonium 74.7 £ 30.0 83.8+17.9 88.5136.7 8291116 pug NH;-N I
Nitrite 119.3+24.5 77.5+20.6* 104.0+24.3 70.5 £ 24.26 ng NO,-N I
Nitrate 57.5+2.57 56.7+2.70 57.4+233 56.6 £ 2.65 mg NOs-N I'*
Biofilter COD | 1.03+0.24 0.80+0.26 0.84+0.21 0.80+0.11 mg I™
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3.1.2. Particle volume

Particle volumes increased in control systems and in systems with ozone only during the trial, albeit at
different rates (fig. 1b). Systems fitted with foam fractionators declined in the start and remained stable at
low levels. By the end of the trial, both the use of O; and FF had led to significant reductions in particle
volume. Ozonisers alone resulted in a 32 % reduction, foam fractionators reduced particle volume by 62 %

and the combination of both treatments resulted in a 75 % reduction compared to the control.

Table 2. Statistical results of the two way analysis of variance (ANOVA).

Treatment Within FF Within O; Interactions
F P F P F P

Num. Particles 8.25 0.007 41.2 <0.001 0.8 3.660
Vol. Particles 118.5 <0.001 19.1 <0.001 0.03 0.867
S. A. particles 34.4 <0.001 722 <0.001 0.2 0.625
B value 0.4 0.524 33.1 <0.001 0.06 0.803
Turbidity 89.5 <0.001 17.3 <0.001 0.03 0.875
uvT 23.9 <0.001 367.8 <0.001 7.4 0.011
H,0, 37.0 <0.001 214 <0.001 1189 0.284

Bactiquant* - - - - - -

BODs ot 107.1 <0.001  65.0 <0.001 0.2 0.635
BODs.piss* - - - - - -

BODs.part 77.8 <0.001 56.8 <0.001 0.5 0.471
CODqq 114.1 <0.001 715 <0.001 0.2 0.630
CODpss 44.2 <0.001  202.9 <0.001 0.37 0.545
CODpyrt 60.4 <0.001  10.4 0.003 3.0 0.091
Ammonium 1.7 0.203  0.12 0.731 1.9 0.173
Nitrite 39.1 <0.001 1.4 0.251 0.01 0.911
Nitrate 0.8 0.387  0.03 0.864 0.0007 0.980
Biofilter COD 0.06 3832 1.1 0.297 1.2 0.286

*Statistical analysis not possible due to non-equal variance
3.1.3. Particle surface area
As with the previous two metrics, particle surface area was also affected by the two treatments, while it

remained stable at 30.39 + 8.77mm? ml™ in the control group (tab. 2). Foam fractionation resulted in a 53
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Volume of particles

% reduction, O; treatment in a 68 % reduction and a combination of both treatments resulted in an 83 %

reduction of particle surface area compared to the control, with all results being significantly significant.

3.1.4. B values
Beta values were only affected by the use of ozone. Control systems and systems with foam
fractionators had similar B values by the end of the trial (3.74 and 3.77 respectively), while systems treated

with O3 displayed significantly lower B values (3.17 and 3.24 for O; and FF+0O; treatments, respectively).
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Figure 2. Variation of selected water quality parameters during the trial. a) Number of particles b) volume of
particles c) bacteria activity (H,0, degradation) d) BODsrgra
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3.2. Microbial activity

3.2.1. H,0, degradation

Bacterial activity, measured with the H,0, degradation rate assay, was significantly affected by the two
treatments (fig. 1c). Activity declined particularly rapidly in systems treated with ozone, activity after one
week being reduced by 91 % in systems with ozonisers only and 96 % in systems with FF+O; treatments
compared to the control. However, activity in systems treated with ozone only appeared to increase again
and by the end of the trial was “only” 48 % lower than the control. Bacterial activity in systems with foam
fractionators was reduced by 61 %, while activity in systems with both ozonisers and foam fractionators

had remained low (90 % reduction) compared to the control.

3.2.2. BactiQuant
Bacterial activity measured using the BactiQuant assay varied similarly to the H,0, degradation rate
constants except that bacterial activity in O; treated systems was almost similar to the control by the end of

the trial (tab. 2). Due to the lack of equal variance data were not subjected to a statistical analysis.

3.3. Turbidity and UV transmittance (UVT)

3.3.1. Turbidity

Turbidity was significantly affected by both foam fractionation and ozonation (tab. 2). By the end of the
trial, a 65 % improvement in turbidity was achieved by foam fractionation compared to the control and 79
% when combining both treatments. Ozonation by itself resulted in a 38 % reduction by the end compared
to the control group. However, as for bacteria activity, turbidity appeared to increase after an initial drop

when applying ozone by itself.

3.3.2. UVT

Foam fractionation by itself resulted in a 15 % improvement in UVT, while ozone by itself or in
combination with foam fractionation resulted in 43 and 47 % improvement, respectively. Ultraviolet
transmittance was the only measurement where there was interaction between treatments (table 2), and it

was therefore not possible to conclude about main effects.

3.4. BOD;
3.4.1. BODs 1
Total BODs was significantly affected by both foam fractionation and ozonation resulting in reductions of

51 %, 43 % and 75 % for FF, O; and FF+0s, respectively compared to the control (fig. 1d).
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3.4.2. BODs_p;
In contrast to total and particulate BODs, the different treatments seemed to have little effect on BODs.

biss, (tab. 2). Lack of equal variance, however, meant that no statistical analysis was performed.

3.4.3. BODs pyyt

The development in BODs.p,: Was similar with that of BODs. 1, for all treatment combinations (tab. 2). By
the end of the trial, foam fractionation and ozonation by themselves had led to similar reductions in BODs.
part COMpared to control of 56 and 54 %, respectively, while a combination of the two resulted in an 84 %

reduction.

3.5. COD — Water and biofilter
COD was only measured in the last 3 weeks to access final values, so no considerations are made

regarding trends.

3.5.1. CODy,:

As with most other metrics, COD+.; was significantly affected by both foam fractionation and ozonation
with a combination of the two resulting in the largest decrease compared to the control (from 37.6 £ 5.9 in
the control to 16.0 + 1.5 mg L™ in the FF + O, treatment). Foam fractionation and ozonation by themselves

resulted in similar reductions of 39 and 33 %, respectively, while a combination resulted in 58 % reduction.

3.5.2. CODp,
Both treatment types affected CODy,. significantly, declining from 16.3 + 4.7 mg L™ in the control group
to 104 + 2.9, 5.0 + 2.9 and 3.2 + 1.9 mg L7, respectively in systems with either ozonation, foam

fractionation or a combination of the two (table 2).

3.5.3. CODp;g,

Dissolved COD was also significantly affected by the different treatments. As with every other metric,
the combination of foam fractionation and ozonation had the largest effect reducing CODp;; from 21.4 +
1.7 mg L™ in the control group to 12.8 + 0.8 mg L™. Foam fractionation by itself reduced CODp;, to 17.8 +

1.0 mg L™ while ozonation reduced it to 14.8 + 1.17 mg L.
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3.5.4. Total COD in biofilters
Although seemingly lower CODr levels that in the control group (1.03 *+ 0.24 mg L), there were no
significant differences (p>0.05) by the end of the trial in total COD in the biofilters (approximately 17 %

lower value in systems with ozonation only, and 23 % lower values in systems with foam fractionation).

4. Discussion

The different treatments had clear visual effects on the water colour and clarity as seen in figure 2.
System fitted with ozone lost most of the “yellow” colour, while the overall turbidity was reduced in system
fitted with FF. The loss of yellow colour was likely caused by oxidation of humic substances as seen in
previous research (Davidson et al., 2011; Schroeder et al., 2011).

The systems were ran for 13 weeks prior to the start of the trial with a lower feed loading (1kg m™). This
was changed a few days prior to the start of the trial. It is likely that this change resulted in the increase of
some of the metrics, which could explain some of the initial variation in the control group (initial increase in

numbers, followed by a re-stabilization).

Figure 12. Effect of the different treatments on water clarity. From left to right: Ozone, Ozone + foam

fractionator, control and finally foam fractionator.

4.1. Foam fractionation
Foam fractionation has been shown to reduce organic matter loads in RAS (Barrut et al., 2013; Brambilla
et al., 2008; Ji et al., 2020; Weeks et al., 1992). Previous studies were conducted in saltwater as foam

fractionation is anticipated to have minimal effect in freshwater RAS due to lower surface tension

136



(Timmons and Ebeling, 2010). However, the current trial showed that foam fractionation also works well in
freshwater with positive effects on all measured metrics.

The positive impact of foam fractionation appeared to manifest at a slower pace than that of ozonation,
with a steady removal of organic matter over the course of 3 to 4 weeks (fig. 2). The use of foam
fractionation seemed particularly effective at controlling particulate organic loads and particle volume
(both BODs.p,: and CODp,;). These results are similar to those obtained by Barrut et al. (2013) using a
vacuum airlift foam fractionator in seawater RAS and obtaining an approximate 80 % removal of particulate
organic matter measured as dry matter. Brambilla et al. (2008), testing foam fractionation for removing
organic matter and heterotrophic bacteria from seawater RAS with seabass (Dicentrarchus labrax),
obtained removal rates of total suspend solids (TSS) between 12 and 40% over a single pass. The treatment
in that study affected both the smallest (0.22 - 1.22 um) and largest (> 60 um) size fractions measured. In
comparison, significant reductions in particle volume in the current study suggest that particularly the
larger particles were affected / removed here.

Bacterial activity was also strongly affected by foam fractionation. The approximately 60 % reduction
obtained in the current trial is similar to that obtained by Brambilla et al. (2008) in a seawater RAS,
achieving 55 - 90 % removal depending on operational conditions, using count of viable heterotrophic
bacteria in agar plates. Likewise, Rahman et al. (2012) achieved 2.6 times lower bacterial levels compared
to a control in seawater hybrid abalone (Haliotis discus hannai X H. sieboldii pilot scale RAS fitted with foam
fractionation.

The simultaneous reduction in both organic matter and bacterial activity observed in the current study
suggests a direct removal of bacteria by foam fractionation in freshwater, similarly to that observed in
seawater. In addition, the reduction in organic matter reduces a systems overall carrying capacity (Vadstein

et al., 1993) making it less prone to potentially harmful bacteria blooms.

4.2. Ozone

Unlike systems fitted with only foam fractionators, which showed progressive reduction in all metrics in
the first half of the trial, systems dosed with ozone showed immediate responses and most metrics reached
their lowest levels within the first few weeks. This development was most likely a result of ozone’s oxidising
effect on bacteria, corroborated by a rapid decline in bacterial activity and particle numbers compared to
the control. Part of the effect was also likely caused by improved solids removal as ozone is known to
improve solids removal efficiency. Park et al. (2013) for example found that ozone improved solids removal
in a radial flow settler, while Summerfelt et al. (1997) found that ozone improved microscreen filtration. It

is likely that ozone had similar effects in the current trial as the reduction in particle volume, BODsp, and
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CODp,,; Was similar to that observed in previous trials (Davidson et al., 2011; Park et al., 2013; Rueter and
Johnson, 1995; Summerfelt et al., 1997).

Examining the effects of ozone itself in replicated seawater RAS, Davidson et al. (2011) found that
ozonation lead to a reduction in BODs, total organic carbon (TOC), dissolved organic carbon (DOC), TSS, and
heterotrophic bacteria abundance, while UVT increased.

During the trial, systems treated with only O; displayed an increase over time in most metrics. We
speculate that this increase was caused by a too low realised O; dose. While a nominal dose of 20 g 05 kg™
feed was applied, measurements of air leaving the treatment units suggested that an ozone transfer rate to
the water of approximately 35 % was achieved (in both the bubble columns and FF), corresponding to an
actual dose of about 7 g kg feed. It is possible that this lower dose allowed bacteria with higher O,
tolerance to proliferate. The hypothesis is supported by the observed increase in bacterial activity
accompanied by a similar increase in particle volume, suggesting that bacteria were forming aggregates. At
the same time, particle numbers did not increase suggesting that free swimming bacteria were
preferentially removed. Bacteria in biofilms and bacteria associated with particles are thus generally more
resilient to disinfection, including O;, than free living bacteria (Hess-Erga et al., 2008).

One of the issues arising when using ozone in a system is its potential toxicity to the fish (Gongalves and
Gagnon, 2011; Powell and Scolding, 2016). This risk seems minimal in the current study as no ozone was
detected in the water, measured both via the DPD and indigo method. Ozone presumably reacted
immediately with the organic matter available as seen in a previous study on the combined use of O; and

foam fractionators (Figueiras Guilherme et al., 2020).

4.3. Combined effects

The combination of foam fractionation and ozonation resulted in the largest improvements measured
during the trial. Ozone is typically applied together with foam fractionation (Kari J.K. Attramadal et al.,
2012; Park et al., 2013, 2011; Schroeder et al., 2011) as it is an efficient way of transferring ozone. Similarly,
ozone improves foam fractionation removal efficiency by degrading complex molecules and improving
particle flocculation (Li et al., 2009; Rueter and Johnson, 1995)

In the current study, ozone primary affected micro particle numbers and UVT presumably by killing free
swimming bacteria (resulting in a decline in particle numbers) and oxidizing dissolved substances (e.g.
humic substances) that would otherwise absorbed and refract light. On the other end, by removing solids
foam fractionation led to a reduction in particulate volume, particulate COD, and turbidity. Combined, this
presumably led to a reduction in system carrying capacity, aggravating the conditions for bacterial growth.

Furthermore, the combined use of foam fractionation and ozonation may potentially reduce the risk of
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components in the loop clogging and reduce the consumption of oxygen by heterotrophic bacteria

degrading organic matter.

4.4. Effects on biofilters

Few studies have addressed the potential implications of different treatments on biofilters in RAS and
their role in storing and releasing organic matter. Hence, as discussed in a previous study (de Jesus
Gregersen et al., 2020), a decline in organic matter in the water might be accompanied by translocation of
organic matter to the biofilter. To resolve this, the current study examined the organic matter (total COD)
associated with biofilter elements. Although not significant, there tended to be a lower organic matter
build-up in all treated systems compared to the control, suggesting that the treatments not only improved

water quality directly but also overall “system quality”.

5. Conclusion

The current study showed that foam fractionation operated in freshwater RAS achieved reductions
similar to foam fractionators in saltwater RAS. Furthermore, it reinforced the positive effects ozone has on
RAS water quality. Foam fractionation was efficient in removing organic matter from freshwater on par
with that observed in saltwater. This efficiency was further improved by simultaneously application of
ozone, and the findings corroborate that combining foam fractionation and ozonation could become an
efficient tool for improving the rearing conditions and overall system conditions in freshwater RAS.
Furthermore, the tests conducted allowed us to understand not only the effects of FF and O; on the water

quality, but also the implications for the biofilters.
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