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Abstract

Aquaculture needs practical solutions for nutrimrhoval to achieve sustainable fish productionsikas
denitrifying bioreactors may provide an ecologidaly-cost and low-maintenance approach for wastewat
nitrogen removal. However, innovative organic matsrare needed to enhance nitrate removal frorfothie
carbon effluents in intensive recirculating aquaoel systems (RAS). In this study, we tested three
additional carbon sources, including biochar, digghagnumsp. moss and industrial potato residues, to
enhance the performance of woodchip bioreactoeding the low carbon RAS wastewater. We assessed
nitrate (NQ) removal and microbial community composition durangne-yeain situ column test with real
aquaculture wastewater. We found no significanfedéihces in the N removal rates between the
woodchip-only bioreactor and bioreactors with aezof biochar oiSphagnunsp. moss (maximum removal
rate 31-33 g N@-N m*d™), but potato residues increased ;N\@moval rate to 38 g NON m*d™, with
stable annual reduction efficiency of 93%. The ilgadvailable carbon released from potato residues
increased N@-N removal capacity of the bioreactor even at highilow concentrations (>52 mg™). The
microbial community and its predicted functionateyaial in the potato residue bioreactor differearkedly
from those of the other bioreactors. Adding potagidues to woodchip material enabled smaller bicior
size to be used for NOremoval. This study introduced industrial potayepiboduct as an alternative carbon
source for the woodchip denitrification processg @he encouraging results may pave the way toward

growth of blue bioeconomy using the RAS.

Keywords: Recirculating aquaculture system, woagaldsioreactor, carbon source, potato residues,t@jtra

microbial community
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1 Introduction

Recirculating aquaculture systems (RAS) are enwenmtally friendly solutions that aim to achieve aer
waste from fish production. Although RAS have besed for more than 10 years in different countries,
including two largest RAS in Finland with a prodoatcapacity of over 4000 tons, nitrate (N®@emoval is
still a critical challenge (Pulkkinen et al., 2018emoval of N@ is a challenge as aquaculture wastewater
has low carbon (C) but high nitrogen (N) conceitdreg. A few previous studies have examined theafise
denitrifying bioreactors for treating aquacultufBuent. So far, such studies have focused on RifiSeats
with high chemical oxygen demand (COD) (Lepinelet2016), added bicarbonate (HGXo inlet water
(von Ahnen et al., 2016b) and diluted effluent framoutdoor fish farm with low recirculation inteysand

low NO;-N concentration (~6 mg1) (von Ahnen et al., 2018, 2016a). In contrastatirent of highly
intensive indoor RAS effluents with low COD (12.91488 mg L*) and high N@-N concentration (>50 mg

L™ has received little attention.

In denitrifying bioreactors, nitrogen (N) is remaviey heterotrophic denitrifiers converting @ nitrogen
gas under anoxic conditions. Under nitrate-richditions, this process depends on the availabilityhe
carbon source as the organic electron donor (WaddChu, 2016). External carbon sources, such datace
or methanol, are often supplied to the system tuese efficient denitrification (Cherchi et al., G9).
However, the cost of carbon addition is typicalighh(Zhang et al., 2016) and the process needdatému

to prevent over- or under-dosing of the liquid carlsources (Rocher et al., 2015). Solid carboncgsucan
provide a cost-effective alternative to the clagsi@rbon sources mentioned above. In recent yessarch
has focused on solid carbon sources with high taptimal efficiency and slow-release ability time
treatment of excessively nitrate-contaminated waterticularly surface water (Beutel et al., 2056
groundwater (Zhang et al., 2012). Wood-particledpats (e.g. woodchip and sawdust) have been widely
used, due to their ability to supply carbon to demitrification process for 5-15 years and thusvaljood
NOs; removal with minimum bioreactor maintenance (Sphipet al., 2010). However, the large space
requirement for full-scale woodchip bioreactors pasmpted efforts to enhance the denitrificatiote riay

using innovative natural carbon sources (Tangsit.eR017). Inexpensive industrial food by-producuch
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as industrial potato residue, could have high pg@kto be utilized in identifying bioreactor to leence
nitrate removal. Potato industries can generat2®2@ waste from peeling, trimming and cutting peses

(Liang and McDonald, 2014).

This study examined the use of a denitrifying kéater to treat indoor intensive RAS effluent witwi
COD and high N@ concentration, as part of the unique RAS reseaditfopm (see Pulkkinen et al., 2018),
and compared different carbon sources, includintatporesidue, for improving the nitrogen removal
performance of woodchip bioreactors. The overath avas to evaluate the performance of denitrifying
bioreactors in removing NOfrom aquaculture wastewater with low COD for a pérof over one year.
Specific objectives were to (1) study the suitépitif wood-based bioreactors for treating RAS effit) (2)
assess whether the N@emoval performance of woodchip process can bersmathby additional carbon
sources, (3) to assess the effect of differentaardources on the microbial community composition i
different compartments of the bioreactors, andd4dlentify dominant bacteria and their functiopatential

in the bioreactors studied. The intention was tal fsolutions for improving water treatment and for

enhancing N@ removal in the recirculating aquaculture systems.

2 Material and methods

2.1 RAS effluent water quality

The study was conducted at the Laukaa fish farrthefNatural Resources Institute Finland (LUKE) in
central Finland, in the research platform examiR&fS. The RAS design is described in detail in Rinkn

et al. (2018). In brief, effluent was obtained franRAS consisting of a feed collector unit, sweparator,
drum filter (60 um mesh) and fixed bed bioreacfolowed by a moving bed bioreactor and a trickling
filter. In order to prevent any changes in wategratstry, microbiology or water temperature, alktsesere
performed using the natural RAS effluent. The effiuis characterised by low carbon (15.3 mdn
average), but high N content (mean N® content 34.7 mg 1) (Table 1). Due to the efficient nitrification

unit before the bioreactors, N@ dominating N fraction.

Table 1.Mean inflow water quality parameters (SD = standirdation, n = number of sample)
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Water quality parameters Inflow (mean £ SD) n

Total organic carbon (mg L™ 153+21 5

Dissolved organic carbon (mg [}) 14+13 5

Chemical oxygen demand (mg L) 129+1.8 5

Biological oxygen demand (mg L) 3.8+22 13
Nitrate-nitrogen (mg L™) 34.7+15.6 27
Nitrite-nitrogen (mg L ™) 0.1+0.06 30
Ammonium-nitrogen (mg L™) 0.5+0.2 30
Dissolved oxygen (mg L) 8117 29
pH 6.9+0.2 28
Oxidation-reduction potential (Eh, mV) 178.6 + 60.4 35
Alkalinity (mg CaCO;L™) 54.2 +18 25
Sulphate (mg L) 10.5+3.2 24

2.2 Bioreactor design

The performance of denitrifying bioreactors wagi&d in four transparent acrylic columns (0.1 nmukter

x 0.32 m high) with upward flow direction applyiagtheoretical retention time (HRT) of 48 h at colwd
temperature (15.5+0.8°C) (Fig. 1). In each coluthe, reactive media were placed on top of an ingartg
gravel bed, from which they were separated by jglagitting with 2 mm pore size, to prevent cloggmith
materials containing organic matter. A constaripimfrate of 0.6 mL mirt was applied to each bioreactor
for 346 days, using a peristaltic pump. The upwhoa direction and the quartz gravel layer at tlaesd of
the columns prevented the development of prefexefitiv pathways and ensured uniform distributidn o
flow into the columns. The columns consisted ofkealemedia zones (zone 1, zone 2, zone 3) containing
woodchips, industrial potato waste, biochar orai@hagnunsp. moss in the ratios shown in Fig. 1. The
packed-media has not been replaced during the gtedgd. All bioreactors with additional layer caint
same total volume of woodchips. HowevBphagnum spmoss was mixed with woodchips in the zone 2,

due to its different characteristic and small gdatisize distribution. It is well known that natupeat has
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typically low hydraulic conductivity (e.g. Ronkanamd Klgve 2005), which could cause risks in longer
HRT or even clogging of the bioreactor. In orderawoid this, moss was mixed with woodchips. The
packed-media zones were separated from the oudet Water zone by a fixed perforated PVC plate
(thickness 5 mm) at a height of 4.5 cm from thedbghe column. The columns were sealed at botls émd

provide controlled conditions.

The selected carbon sources had different C/Nsatémging from 28 to 249 (Table 2). Woodchips tiaxd
highest C/N ratio, but biochar contained the higlasount of carbon. The used woodchips were oldaine
locally from fresh birch trees (provided by the gyecompany Vapo Group). The average woodchip size
was around 3 cm x 1.5 cm x 0.4 cm and mean por68iy. TheSphagnunsp. moss used was common
mire flora provided by Vapo Group. The biochar @mity 46%) was obtained from RPK Hiili Oy. The
potato material tested comprised industrial resditem POHJOLAN PERUNA Oy with a dry matter

content of 12% (determined after drying the matetid 05°C for 24 h).

Prior to the experiments, solid materials (woodshamd biochar) were washed with distilled water and
saturated for 48 h. In order to prevent fermentatibe potato residues were kept in the freezer poi use.

The frozen potato residues were defrosted at reompérature for 8 h before the test.
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Fig. 1. Schematic diagram of the bioreactor set-up (bmiora BR1-BR4). Red and black dashed lines

represent microbiological sampling zones and packedia zones in the bioreactors, respectively. Zdne
and 3 were packed with woodchips, while zone 2 paxked with biochar in BRISphagnunsp. moss in

BR2, woodchips in BR3 and potato residues in BR4

Table 2.Elemental composition of organic materials (permass) used as an added carbon source

Content (%) Woodchip Biochar Sphagnum sp. Potato
moss residues

Carbon (C) 49.8 82 49.1 44.6

Nitrogen (N) 0.2 0.6 0.9 1.6

Hydrogen (H) 6.1 3.2 5.4 6

C/N ratio 249 137 55 28

2.3 Sampling and analysis

Water samples were collected at the inflow tank ahthe outlet of the four bioreactors. Samplingswa

started after removing the existing distilled wabem all bioreactors (~48 h). Water samples frdra t
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outlets were collected individually in sealed 1déntainers. Over the first 10 days, samples werkeaed
daily at the same time for all outlets and thetinldne sampling interval was then increased to qmesel-2
weeks for three months and finally to once per molkVoodchip type bioreactor was selected to study
repeatability of the performed test. For this, éhveodchip bioreactors were established and ryaiallel
to other bioreactors for nearly 6 months. As thilomm water was the same to all bioreactors, stashdar
deviation for outflow nitrate-nitrogen concentratdowere calculated using data of these three wamdch

bioreactors.

All samples were analysed on-site for nitrate-gé&o (NQ™-N), nitrite-nitrogen (N@-N), ammonium-
nitrogen (NH'-N), sulphate (S§) and biological oxygen demand (B€Dusing LCK cuvette tests (Hach
Lange DS 3900). Alkalinity was analysed by titratiwith the standard method (ISO 9963-1:1994) (Hach
Lange TitraLab AT1000)The concentration of COD, dissolved organic carf®C) and total organic
carbon (TOC) in the first 70 days were determingéibv accredited laboratory. Dissolved oxygen (D@pw
recorded manually with a YSI ProODO meter and repatential (Eh), pH and temperature with a Horiba

Laqua act D-74 meter.

Flow rate (Q) was calculated by dividing the sedddtiRT (48 h) by the pore volume of the column (65
mL). Pore volume of each column was determined leasuring added water until saturation conditions
were achieved. Volumetric NON removal rate (g N§N m® d) was calculated based on differences
between bioreactor inlet and outlet N® concentration, the flow rate and the pore volwhée packed-
media zone. Removal efficiency was calculated byiditig the difference between inlet and outlet
concentration by the inlet concentration. The daked mass was based on sampling interval, floev aad

concentration.

2.4 Molecular analyses

Sampling for molecular analyses was performed 68 défter the start of the tests. Samples were tfkam
water and from solid material in zone 2 and zowé tBe columns (see Fig. 1). Water samples weleated
using syringe filters (0.22 um Millipore Express®US PES membrane) and stored at -20 °C prior to DNA

extraction. Solid samples were collected in 50 ohes and treated as in von Ahnen et al. (2019). DMHA
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extracted using the DNeasy PowerLyzer PowerSolatem kit (Qiagen) and DNA concentrations were
quantified with the Qubit® dsDNA HS Assay Kit andabit 2.0. fluorometer (Thermo Fischer Scientific)
In studying microbial community composition, proyatic primers 515F-Y
(GTGYCAGCMGCCGCGGTAA,; Parada et al.,, 2016) and 80RGACTACHVGGGTWTCTAAT,
Caporaso et al., 2011) were used to amplify ther&lon 16S rRNA gene. The first PCR reaction was
carried out following von Ahnen et al. (2019), witie exception that a DNA template amount of 6 g w
used. The amplicon libraries were built as in Aheeml. (2019) and sequenced on lon Torrent PGMgusi
lon PGM Hi-Q View OT2 Kit for emulsion PCR, PGM I@-View Sequencing Kit for the sequencing

reaction and lon 314 Chip v2 (all Life Scienceseifho Fisher Scientific).

Sequence analysis was performed using the angyseines mothur v.1.39.5 (Schloss et al., 2009 an
giime 1.9 (Caporaso et al., 2011). Sequences witbriect primer (>1 bp) or barcode (>1 bp) sequence
were removed, as were sequences <150 bp and chisegpuencing. After quality filtering, sequenceseve
clustered into operational taxonomic units (OTWsY &6 similarity using OptiClust (Westcott and Sxdd,
2017). Samples were rarefied at a sequence depthaff to allow comparison of alpha diversity indice
(number of observed and Chaol-estimated OTUs, ShabDiversity indexH’, Pielou’s Evenness) and beta
diversity. Beta diversity was visualised using moetric multidimensional scaling (NMDS) based onyBra
Curtis distance matrices. NMDS plots were consgdigh R (vegan package, metaMDS; Oksanen et al.,
2017). Relative abundances of OTUs on phylum/di&aasd were visualised in SigmaPlot 13. The PICRUSt
(Phylogenetic Investigation of Communities by Rextaurction of Unobserved States) algorithm (Langslle
al., 2013) was used to predict functional profilgsBR microbial communities. The average Nearest
Sequenced Taxon Index (NSTI, a measure of the phyktic distance of the microbial communities
analysed to the reference sequences) for the nmtrobmmunities was 0.11 (range 0.05-0.16). Smaller
NSTI values are an indication of higher relatedriesgference sequences with known functional pi@ken
and thus will likely give more accurate predictighangille et al., 2013). The NSTI values obtairiedthe
bioreactors were within the range reported for oteosystems, for which PICRUSt has yielded quite
accurate predictions (Langille et al., 2013). Nbeédss, the results presented here should be dredte

caution. Predicted functions were classified as KEQ@yoto Encyclopedia of Genes and Genomes)
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orthologues (KOs). Functions potentially involvaditrogen turnover in BRs (i.e. functions assaadawith

nitrification, denitrification and DNRA) were assesl in more detail.

3 Results and discussion

3.1 Performance of bioreactors

The initial inflow NOy-N concentration of the bioreactors ranged frontd 30 mg L, while the outflow
concentrations were clearly lower (ranging from thetection limit of 0.03 to 58.1 mg™). (Fig. 2). All
bioreactors showed effective WN@emoval ability immediately upon start-up and ovee whole study
period (Fig. 2, Fig. 3). Instant NCremoval by wood-based bioreactors in aquacultfiheeat has also been
observed in previous studies (e.g. Lepine et All62von Ahnen et al., 2016a). Over the one-yeanrehictor
operating period (number of samplings n = 26) sNDcomprised 98+0.1 % (mean + SD) of total dissdlve
inorganic nitrogen in inflow water, while only mincamounts of NE-N (1.6+0.8%) and N©-N
(0.27+0.22%) were present. For the entire studiogetotal inflow NQ'-N mass to the bioreactors was 10.8
kg, of which 6.0, 6.6, 7.1 and 9.4 kg were remouedR1, BR2, BR3 and BR4, respectively (Fig. 3).
During the first 197 days, BR4 (industrial potagsidues in zone 2) showed stable removal of 96%ofat
NOs-N (amounting to a removed nitrogen mass of 7.1 Kffer 107 days the removal efficiency decreased
and was around 87% from day 260 onwards (Fig. &, &)i. The other bioreactors also showed decreased
NO; removal efficiencies from day 130-160 to day 2@0%). From day 260 onwards, the removal
efficiency in BR3 then increased to the originatdie(Fig. 2). However, the total accumulated owtfldO5 -

N mass for BR3 was higher than in BR4 when considdghe whole study period (Fig. 3).
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study periodDashed lines indicate total nitrate-nitrogen massoved from bioreactors during the period.

Temporary increases in nitrite production (von At al., 2018; Zhao et al., 2018) can limit the 0$
woodchip bioreactors for RAS effluents, due totiirdcity of nitrite at high concentrations (Kroupoet al.,
2005). In this study, the NGN concentration in inflow water remained stabkea evel of 0.1+0.06 mg'L
(Table 1; Fig. Sla in Supplementary Material).Ha first 10 days of the experiment, outflow N® was
12,6, 15and 0 mg'Lin bioreactors BR1, BR2, BR3 and BR4, respectiyElg. S1). From day 20 onwards,
the NQ-N outflow concentration reached the backgrouneéllwoughout the experiment in all bioreactors.
Based on previous studies, the 50% lethal nitridsed(LD}) varies between fish species but is typically
around 2 mg Lt (Kroupova et al., 2005). Moreover, nitrite in sethial concentrations is a stress factor for
fish and can lead to increased susceptibility twea$es (Kroupova et al., 2005). Nitrite production
bioreactors is associated with incomplete nitrateaval by denitrification (Lepine et al., 2016; Bhet al.,
2018), which can be limited by high DO. High DO ntagve limited denitrification in the start-up phaxfe
bioreactors BR1-BR3 in the present study, as thecDi@entration in the outflow was rather high (1hé
L) (Fig. Sic). The type and availability of carbampounds (Gibert et al., 2008; van Rijn et al.,@0hd
specific microbial community composition (Zhao ¢t 2018) are reported to be the main reasons for
incomplete N@ reduction leading to intermediate nitrogen produdss the outflow concentrations of nitrite

in the start-up phase exceeded thgdfor many fish, water should not be re-fed to agitace from the

11



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

start, but only after stable denitrification rateg established and low nitrite concentrationsdatected in

the outflow.

The inflow NH'-N concentration ranged between 0.17-1.0 my([able 1; Fig. S1b). Low NFN
production was detected in all bioreactors, witltflow concentrations of 0.8+0.5 mg'.0.9+0.5 mg [,
0.940.6 mg [ and 3.8+3.4 mg Lin BR1, BR2, BR3 and BR4, respectively. Less thang L* of NH,"-N
was recorded in the first three weeks in BR1-BRig.(E1b). However, the bioreactor with potato raskl
(BR4) showed relatively high NftN, with a mean concentration of 10 mg,lin the first 10 days of the
experiment, but it then declined to lower than 4 to reach the background level. The continuous
production of ammonium in BR4 indicates the ocauree of dissimilarity nitrate reduction to ammonium
(DNRA). In general, a reducing environment and RIghC/NG; ratio (1400/15-110/16 in BR4; days 1-70)
can indicate the occurrence of DNRA (Kraft et @014; van Rijn et al., 2006). DNRA has also been
observed in previous woodchip bioreactor studiaesdt al., 2013; Zhao et al., 2018). Reducing caoukt

indicated by Eh values, were also seen in thisystutlich led the system to $Oreduction (Fig. 4).

In the start-up phase, all bioreactors released DIb@ rate of release was highest in BR4, with lowtf
concentrations of 1380 mg'Lmeasured on day 6 after start-up (Table. S1).00€ release from the other
bioreactors was much lower (<100 mg';LTable S1). Within 70 days after start-up, outfl@DC
concentration decreased to 81 mih BR4 and to the background level (14 + 1.3 mg@®O") in BR1-
BR3 (Table S1)Initial carbon content flush-out is common in biactors. The start-up COD concentration
in the outflow ranged 59-940 mg™Lin BR1-BR4 (Table. S1) exceeding temporarily theximeam
concentration of 42 mgtobserved in Finnish rivers (Niemi and Raatelan®7}0However, start-up phase
of the woodchip bioreactor is short compared toreged lifetime (5-15 years), so the potential yiddin for
carbon is minor compared to the amount of nitrogemoved. Lepine et al. (2016) reported an
approximately 50-day flush-out period for a plywdmdreactor treating aquaculture effluent at HRB 2.
Somewhat higher carbon leaching (200 Mglhas been reported for bioreactors packed witlshfre
woodchips and a mixture of woodchips and biochas@anpour et al., 2017; Hoover et al., 2016). Relea
of high DOC concentrations to recipient water bedi®m use of bioreactors as an end-of-pipe treatme

can adversely affect aquatic ecosystems, e.g. lsirgha DO concentration reduction, light and terapge
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238 changes (Prairie, 2008; Solomon et al., 2015) ltieguin lower fish production (Stasko et al., 201Rence,
239  at sites governed by strict regulations or wheryakog outflow to fish farms, high DOC might neeal lie
240  controlled. Schipper et al. (2010) identified HR$ a factor controlling the initial magnitude of DOC
241  depletion and its duration in wood-based bioreactétowever, the fact that carbon was more readily
242  released from potato residues than from the othdyon sources used in this study proves that HRibtis
243  the only controlling factor and that carbon quakitgo plays a key role. In the present study, theae
244 significantly lower outflow DOC concentration of 538 and 81 mg Lin bioreactors BR1, BR2 and BR3,
245  which can be partly explained by higher nitratediog (Hassanpour et al., 2017) and partly by tipe tgf
246  carbon source used. Dependence of TOC leaching/amations in N@-N concentration have also been
247  reported by Zhao et al. (2018). In order to continel carbon content due to leaching, it is recontadrto
248  consider post-bioreactors treatment units (e.gsttoated wetland, sand filter) or recirculating #gtart-up
249  effluent back to the bioreactor (Schipper et al., 010.
250 The SQ? concentrations were on average higher in the oumtfl@n in the inflow waters of BR1 and BR2,
251 indicating leaching or production of $Q(Fig. 4). This resulted in cumulative leaching/protion of 165 g
252  and 474 g S@ in BR1 and BR2, respectively, for the whole stpeyiod. In contrast, S® were on average
253 lower in outflow than in inflow waters of BR3 andRB (Fig. 4), indicating S reduction/removal.
254  Cumulative S§ removal of 350 g and 546 g was observed in BR3BRd, respectively, for the whole
255  study period. S@ leaching/removal increased the /Cconcentration in the outflow by up to 20%
256  compared with the cumulative inflow $0of 2.6 kg. Sulphate leaching/production indicatee potential of
257  internal sulphur cycling in bioreactors with incdete N removal. BR1 and BR2 had incomplete nitrate
258 removal during the study period due to sulphidenxiglation to sulphate by sulphur oxidizing bacteria
259  (SOB), which can use oxygen or nitrate as elecamreptor (Faulwetter et al., 2009) (Fig. S1 and B)g
260  Sulphate production was observed previously by mepet el. (2016) for a woodchip bioreactor with
261 incomplete N removal. However, higher nitrate realom BR3 and BR4 combined with their reduced

262  conditions (Fig.4) favored sulphate reduction.
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263 Fig. 4. Sulphate reduction/removal (+ values) and leachiogiuction (-values) in bioreactors BR1-BR4

264  over time at different redox potential values (Ehinflow and outflow for each bioreactor.

265 Redox potential was on average +340, +354, +312+48d mV in BR1, BR2, BR3 and BR4, respectively
266  (Fig. 4), indicating more oxidising conditions ilRB-BR3 and more reducing conditions in BR 4. hvil-
267  known that denitrification and microbial sulphagmoval cause decline in redox potential and rispHn
268  (Jog and Parry., 2006). In BR4, for the entire gtperiod when outlet Eh reduced from 412 to 116 tine,
269 pH tended to increase about 2.2 pH units (from&482) (Fig. S 5). Similarly, in BR1-3 by decreasthg

270  outlet redox potential, the pH increased 0.89, 5166 1.4 pH units, respectively

271 Inflow water pH was rather stable throughout thpesiment (6.5-7.5) (Fig. 5). Outflow pH of bioreaxs
272 during start-up was 6, 4.3, 5.2 and 3.8 in BR1 BBR3 and BR4, respectively. It was thus lower than
273 inflow pH in the early stages of the experimentsiriikely as a result of release of organic acidenfthe
274  packed materials (Fig. 5). All bioreactors showaddr alkalinity in outflow than in inflow during éhstart-

275  up period (Fig. 5). After 2-5 weeks, alkalinity prection was observed in all bioreactors.
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Fig. 5. Alkalinity production (+values) and inflow and olatfv pH in bioreactors (BR1-BR4).

3.2 Factors affecting nitrate removal in woodchip biorectors

The results of one-way ANOVA showed that N@moval rates for whole study period did not differ
significantly between BR1, BR2 and BR 3 (p=0.75hjles nitrate removal in BR4 was higher (Fig. 2d-2h)
In the first three months of the experiment, whditoiv NO;-N concentration varied between 15 and 52 mg
L, all bioreactors showed similar removal rates (Bjg After that, the bioreactors responded diffiélseto
increasing N@-N inflow concentrations, e.g. the removal ratelided in BR1-BR3 but increased in BR4
(Fig. 2). BR4 reached its maximum removal rate 8f@8NQ;-N m® d™* at the highest NON inflow
concentration (70 mgt; days 152-184), whereas BR1, BR2 and BR3 had avaimate of 9, 13 and 12 g
NO;-N m3d?, respectively (Fig. 2). Those differences persistetil day 250, after which all reactors again
had similar stable removal rates of around 15 g-MOm* d* until the end of the experiment. Similarly to
removal rate, the NOremoval efficiency in BR1-BR3 showed fluctuatidhsoughout the study period (Fig.
2e and 2g). However, BR4 reached stable removiaiezity of 93% after a period of fluctuation atrstap

(Fig. 2h).

The wide range of NQremoval rates (3-38 g NON m*d™) recorded in all bioreactors followed the KO

N inflow concentration fluctuations. High removale in all bioreactors occurred when the inflow hagh
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NOs-N concentrations. This is consistent with previfindings that inflow concentrations control removal

rate (e.g. Schipper et al., 2010; Addy et al., 2016

In the present study, NOremoval rate in BR4 increased significantly wittcrieasing N@-N inflow
concentration during the entire study period£M.93; removal rate = 0.6 x influent nitrate camtcation -
1.85) (Fig. 6). This regression illustrated theuattrelationship between inflow NGN concentration and
removal rate by excluding NON limited events (N@-N concentration <0.5 mg1) (Addy et al., 2016).
Likewise, bioreactors BR1-BR3 showed a similar oese to N@-N when days 152-212, with high NEN
concentration (55-70 mg1), were excluded from the data (Fig. 6). The shyadgicline in NQ-N removal
during days 152-212 was caused due to exceedingalkénum denitrification capacity in those bioresst
This indicates that NDremoval in BR1-BR3 was controlled by an indepemgemameter at high NON
concentrations. The release rate of degradableoedrbom the packed media presumably controlleds NO
removal in this concentration range (>52 mig (Schipper et al., 2010). Hence, the type of carbource
used in denitrifying bioreactors can control N@moval, by providing more carbon availability and
different microbial composition (Xu et al., 2018argsir et al., 2017). Observed DOC in the bioragacto
showed that carbon was much more readily released potato residues than from any of the otherararb
sources tested (Table S1). The easily soluble oaibgotato residues resulted in rapid formationaof
complex microbial community structure with strordpptive growth to the new environment (Zhao et al.,

2018).
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Fig. 6. Nitrate removal rate versus nitrate influent logdim BR14 for the study period of 346 da
310 The maximum N@ removal rates observed in this study were grehgan those previously reported (22 g
311 NO;-N m®d?) (David et al., 2015; Schipper et al., 2010). Thisild be due to a combination of optimal
312  factors: sufficient HRT (Lepine et al., 2016; Taingst al., 2017) as a result of distributed upwéaiv
313  (section 2.2) combined with high NOinflow concentration (Schipper et al., 2010), theyamic C
314  compounds used (Gibert et al., 2008) and water ¢emtgpre (Addy et al., 2016), here 15.5 + 1 °C (mean
315  SD). A removal rate of >39 g NOn>d" reported by Lepine et al. (2016) for comparabléewguality was
316  associated with high COD:NOratio (0.86-1.66) in treated wastewater. Thisoratn provide 42% COD
317  required for denitrification. The COD:NOratio has been reported to be a significant patemradfecting
318 denitrification in bioreactors (Jafari et al., 2)1Bowever, in the present study inflow COD proddess
319 than 8% of the C/N required for complete Nf@duction (Narkis et al., 1979). Hence, the repbiRE;
320 removal rates in this study represent the net galug¢hout a contribution from inflow COD. Enhancing
321 nitrate removal efficiency with different carbonbstrates has been investigated previously (Gebet e
322 2008; Schipper et al., 2010; Hashemi et al., 20dAxshemi et al., (2011) improved nitrate removaB&¥o
323 in wood bioreactor to 65%, 56 % and 77 % by utiigibarley straw, rice husk and date palm leaf,
324  respectively. Gebert et al., (2008) reported sofiv(branches and bark with small amounts of leérees a

325 variety of trees) as top performing substrate inittiécation efficiency (>98%) with denitrificatio rate of ~
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326 17 g NQ-N m*d™. However, other investigated materials such asuréxof wood chips, shredded bark and
327  topsoil, compost (obtained from the biological deposition of organic wastes — wood trimmings, leave
328  rotten vegetables and food scraps) and willow whiggcidentified as unsuitable carbon sources (st
329  etal., 2008). Warneke et al., (2011) reportedatétremoval of ~ 6.5, 6.2 and 3.5 g N® m*>d™ for wheat
330 straw, maize and green waste materials, respectieehpare to the removal rate of 1.3 gN® m*d™ in
331 soft wood (pine) bioreactor for 2-fold lower nitainlet concentration than used in this study. Hmwe
332 additional potato residue to woodchip bioreactaréased 13% of nitrate removal to 38 g N® m*d*

333  which is remarkably higher than reported removaiab

334 3.3 Microbial community composition and process potenal in the bioreactors

335 A total of 9261 quality-filtered sequences per library were olddifrom water and solid samples from the
336  four bioreactors (Table 3). Library coverage w84% in all cases, indicating that the sequencirgideas
337  sufficient. The number of observed and Chao 1-es8thOTUs was significantly lower (p<0.001) indiid
338  water and solid material from BR4 than in correspog samples from BR1-BR3. The Shannon diversity

339  index was also significantly lower (p<0.001) in BR45) than in BR1-BRS3.

340  The microbial community in BR4 differed stronglyifn the microbial community in BR1-BR3 (Figs. S 2A).
341  Smaller differences were detected between the tmmreommunities in BR1-BR3 and between water and
342  solid samples from all bioreactors (Figs. S2 B @ndin solid material, differences were observetiveen
343  microbial communities in zone 3 (i.e. top-layer wobip) and in zone 2 in BR1, BR2 and BR4 (contajnin
344  biochar,Sphagnunsp. moss and potato residues, respectively) tuBR8 (containing woodchips) (Fig. 1).

345 In water, the differences were much less pronouErgs. S2 B and C).

346  Table 3.Prokaryotic diversity in bioreactors BR1-BR4. Numbef sequences are taken from the original
347 OTU tables, while all other diversity indicatorgdrased on OTU tables rarified at a depth of 4098
348 sequences. Average values for 1-2 replicates paplgay point are shown. Zone 2 and zone 3 reféinéo

349  carbon source material tested and the top-layedatip, respectively, as indicated in Fig. 1

No. of No. of Coverage OTUs OTUs Shannon
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350

351

352

353

354

355

356

357

358

359

sequences samples (%) richness  richness
(observed) (estimatedy
Zone 2 8 550 2 95 441 802 4.64
BR 1: Water
Zone 3 7310 2 95 468 761 4.68
Woodchip/
Zone 2 6 844 2 94 496 827 4.77
Biochar Solid
Zone 3 4935 2 95 398 739 4.36
Zone 2 0
BR 2: Water
Zone 3 7 500 1 95 450 821 4.67
Woodchip/
Zone 2 7 358 1 96 383 697 4.42
Sphagnum Solid
Zone 3 6711 2 96 354 674 4.2
Zone 2 8198 2 95 433 749 4.53
BR 3: Water
Zone 3 8 304 2 94 480 854 4.72
Woodchip/
Zone 2 6 942 2 96 378 713 4.29
woodchip Solid
Zone 3 6 956 1 95 389 897 4.26
Zone 2 9261 2 96 303 583 3.61
BR 4: Water
Zone 3 8 148 2 96 337 605 3.78
(Woodchip/
Zone 2 9 256 2 97 287 505 3.67
potato) Solid
Zone 3 8 359 2 96 296 578 3.39

#0TUs richness estimated by Chao1l.

Only bacterial sequences (no archaeal sequence®) eetected in the bioreactors. In BR1-BR3, the

microbial community was dominated ¥roteobacteria Bacteroidetesand Verrucomicrobia (Fig. 7).

Within the Proteobacteria Betaproteobacteriavere most abundant (24-40% relative abundancdpwet

by Gammaproteobacterig7-26%) andAlphaproteobacterig11-28%). In BR4, the microbial community

was dominated bipsilonproteobacterig15-36%),Bacteroidete$16-29%) andFirmicutes(17-34%) (Fig.

7). Amongst the most abundant genétiginosibacterium(up to 11% relative abundanc&ulfurospirillum

(up to 29%) Prevotella(up to 19%)andLactobacillus(up to 18%)were almost exclusively detected in BR4,

while Rhodobactefup to 4%),Sphingobiunfup to 4%),Rhodoferaxup to 5%),Pseudomonagip to 13%),

Thermomonagup to 6%)andLuteolibacter(up to 10%) were almost exclusively detected in HEBRI3 (Fig.
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S3). The generhactobacillus PrevotellaandSulfurispirilluminclude known fermenters, some of which can
also reduce nitrate to ammonium (e.g. Kruse et28l18; Salvetti et al., 2012). The gen&hodobacter
Rhodoferax Pseudomonasind Thermomonasinclude known denitrifiers (e.g. Finneran et alQ02;

Mergaert et al., 2003).
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Fig. 7.Composition of the microbial community based onusege analysis of bacterial and archaeal 16S

Relative abundance (%)

rRNA genes from (A) solid material and (B) watemgdes from woodchip bioreactors with a zone
containing biochar (BR1gphagnunsp. moss (BR2), woodchip (BR3) and potato resigBést). Average
relative abundances of 1-2 replicates per samplstawwn. Samples were taken from the top-layer

woodchip (zone 3) and the carbon source mateiaq2).

Functional profiles of the bacterial communitiesrevpredicted based on 16S rRNA gene sequences using
PICRUSt. It proved possible to use around 31% bfCAIUs and 83% (76-90%) of all sequences for
functional prediction. Overall functional profile$ microbiological communities were rather similarthe

different bioreactors. Selected functions reladhe nitrogen cycle were assessed in more détgl 8).
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Functions related to denitrification (NarG, NapAirkN NorB, NorC, NosZ) and DNRA (NarG, NapA,
NrfA) were predicted, while functions specific tdrification (AmoA, AmoB, AmoC) were not predicted.
The membrane-bound nitrate reductase NarG wasapeeldin similar relative abundance in all bioreagto
while higher relative abundance of the periplasmtcate reductase NapA was predicted in BR4 than in
BR1-BR3 (Fig. 7). The denitrification-associateddtions NirK, NorB, NorC and NosZ were predictedhwi
higher relative abundances for BR1-BR3 than for BR¥ile the nitrite reductase NrfA (which catalysbhe
reduction of nitrite to ammonia in DNRA) was moreduently predicted for BR4 (Fig. 8). This indicate
that bioreactors BR1-BR3 had higher predicted p@kfor denitrification, while the bioreactor wighotato
residues (BR4) had higher predicted potential fbiRIA. The nitrite reductase NirK may also be present
nitrifying organisms. However, the contributionrifrifiers such adNitrospirasp. orNitrobactersp. to NirK

was only 0.15%.
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Fig. 8.Relative abundance of predicted nitrogen cycletedlgenes in functional profiles of (A) solid

material and (B) water samples from woodchip bict@a with a zone containing biochar (BR&phagnum
sp. moss (BR2), woodchip (BR3) and potato resigB&gl). Functional profiles were predicted based on
16S rRNA gene sequences using PICRUSt. Averagiveelsbundances of 1-2 replicates per sample are

shown.
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3.4 Nitrogen turnover in bioreactors BR1-BR4

The results obtained suggest that heterotrophiitrifimation was the dominant path for N@emoval in the
four bioreactors. The observed high rate of;N@mnoval, combined with relatively low productionrafrite,
ammonium and alkalinity and high relative abundanoé denitrification-associated functions, provide
evidence of denitrification activity in the bioréacs. The high alkalinity-producing period in BRRB,
coinciding with high nitrate removal, is evidencd &eterotrophic denitrification. Heterotrophic
denitrification produces approximately 3.57 mg #tkgy (as CaCQ) per mg NQ-N reduced (van Rijn et
al., 2006). The calculated stoichiometric ratigtdt, 3.3 and 3.9 in BR1, BR2 and BR3, respectivislyery
similar to the expected theoretical value. Previstuglies on both laboratory and field woodchip &ators
have also identified denitrification as the mainchemism for N@ removal (e.g. Nordstrém and Herbert,
2018; Schipper et al.,, 2010; Zhao et al., 2018)wéier, other processes, including DNRA, aerobic
degradation (Zhao et al., 2018), anammox (Herberale 2014; Schipper et al., 2010) and nitrogen
immobilisation in organic compounds (Greenan €t24106), might also contribute to nitrogen turnotega

smaller extent.

Outflow water

| [ BRI
Inflow water Denitrification
} —1 |
\ S I/
BR2
: NO - Denitrification(
; sc;-z- Denitrification
¢ 4_ 4 Sulfate reduction
BR4 Denitrification
DNRA
Sulfate reduction
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Fig. 9. Processes suggested to occur in woodchip bioreacbmtaining a zone of biochar (BREphagnum
sp. moss (BR2), woodchip (BR3) and potato residB&gl). Font size indicates relative

concentration/importance of a compound/process.

Ammonium is produced during DNRA, and thus high amimam production in the bioreactors would be an
indicator that DNRA was a major nitrate-reducinggass. However, ammonium production contributesl les
than 2% of total nitrogen mass in BR1-BR3 and 5%R¥%. This excludes DNRA as a major mechanism in
nitrate reduction (Fig. 10), although small amousftsammonium might have been produced by DNRA.
DNRA is generally favoured over denitrification @mvironments with low nitrate and high labile carbo
availability. The higher ammonium production in BR#licates higher DNRA rates than in the other
bioreactors. Higher DNRA rates in BR4 are mostljikdue to higher abundance of potential fermenters,
DNRA microorganisms and easily accessible labibaa. Potato residues provided a labile carboncsgur
as indicated by the high outflow DOC in BR4. We sider it unlikely that anaerobic ammonium oxidation
(Herbert et al., 2014; Schipper et al., 2010) wasathway for nitrate removal in the reactors, dkimn
concentrations of ammonium were low, and the nunabguotential anaerobic ammonium-oxidising taxa

detected in the microbial communities was neglaibl
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421  Fig. 10.Total cumulative nitrogen mass in inflow water audtflow of woodchip bioreactors containing a
422  zone of biochar (BR1Bphagnunsp. moss (BR2), woodchip (BR3) and potato resigBést) during the

423  entire study period. The removed/retained nitrogas in either gaseous or liquid form.

424 3.5 Sustainability of bioreactors for RAS

425  This one-year study showed that woodchip bioreactan operate properly, without clogging, in tnegti
426  effluent from intensive land-based RAS with low C@iad. The selected HRT of 48 h was long enough for
427  complete denitrification and resulted in a maximammual NQ removal rate of 93%. Use of woodchip
428  denitrification in intensive RAS mitigates enviroantal challenges by treating effluent as an enplijoé-
429  treatment or by reducing freshwater consumptioreating a side closed loop for fish productiomrStp
430 leaching may limit application of woodchip bioreat, but due to its short duration it can be cdlgdo(see

431  section 3.1).

432  The results obtained in the present study were tesediculate model designs for passive hybridesystfor

433  atypical RAS with mechanical and biological treatr(nitrification) handling a maximum flow rate 50
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m® day', corresponding to 2.75 kg NEN per day. When the measured annual;N@moval rates were
used, required volume was calculated to be 138mB2lepending on the carbon source applied. Adding a
zone of potato residues to the woodchip bioreat#sign resulted in 34 and 46 smaller bioreactor volume
compared with BR3 and BR1/BR2, respectively. Howeadding a zone of biochar aBghagnunsp. moss

did not increase woodchip bioreactor performancemaximum flow rate (50 fhday") relative to the
calculated bioreactor volume would correspond teeloHRT (2.8 days) in BR4, but higher HRT (3.4-3.7
days) in the other bioreactors. Besides enhancidg lémoval rate in woodchip bioreactors, potato nesid
enabled more stable NOemoval efficiency. Hence, based on findings irs thhe-year laboratory study,

industrial potato residues were identified as tablg additional carbon source.

Long-term laboratory scale investigations (lastaigeast one year) are recommended to reach aifgt ver
stable N@ removal rate in woodchip bioreactors (Robertsold02&chipper et al., 2010)he removal rates
reported here without replacing packed-media cars the used for designing field-scale systems with
comparable water chemistry. Ours is the first stirdiest industrial potato residues as an additioadbon
source for enhancing woodchip bioreactor perforreangpplying this low-cost material in passive
denitrifying bioreactors for RAS or other indusfiée.g. agriculture, mining, small wastewater trestt

plants) could enable economic sustainability withilocal context.

4 Conclusions

Woodchip bioreactors achieved efficient N@moval in treating land-based RAS effluent, withiitd, -N

and NQ'-N production that are harmful in aquculture. O #dditional carbon sources tested, higheg NO
removal was achieved with industrial potato ressdilan with biochar d8phagnunmoss and higher inflow
concentrations of N© could be removed. The potato residue bioreactateldoa distinctly different
microbial community, which might be related to tieserved differences in NOremoval. A novel finding
was that industrial potato residues can be useccasson source to enhance woodchip bioreactor
performance, provided that the start-up periodastolled. The results from this one-year studyreal
wastewater facilities can be used to formulate gjuids for full-scale bioreactor design in the fetuSince

temperature was controlled in this study, moreistidre needed to understand the removal efficieficy

25



460

461

462

463

464

465

466

467

468

469

470

471

woodchip denitrification systems in the full rangetemperatures in cold climate regions. Lower reaho
efficiency and slower biological activities woul@ lexpected in the colder climate areas. Therefail,
scale pilots are needed to study the winter effecthe hydraulic and removal processes, when diingro
the efficiency of these bioreactors. In additidre tomposition of nitrogen in the inlet water céiea the
denitrification rate. Higher denitrification rategould be expected when wastewaters have high’ NO

concentrations compared to other nitrogen compo(MHs" and NQ)).
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- Additional potato residues to woodchip material increased 13 % of nitrate removal rate
- The potato residue bioreactor hosted a distinctly different microbial community
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