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1  | INTRODUC TION

Development of new technology within aquaculture the industry is 
important in order to expand seafood production or pursue cost-ef-
fective operations within fish farming. Today, recirculating aquacul-
ture systems (RASs) are used for rearing salmon in countries such as 

Canada, Chile, China, Faroe Island, France, Iceland, Norway, Poland, 
Scotland, Tasmania and United States (Dalsgaard et  al.,  2013; De 
Guzman, 2018; Furuset, 2018; Summerfelt, 2015), but investments 
are also made in other countries worldwide. In Norway, the great ex-
pansion in marine RAS for post-smolt Atlantic salmon and Rainbow 
trout is mainly a measure against sea lice infections. With the newest 
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Abstract
Marine recirculation aquaculture system (RAS) is a prominent technology within fish 
farming. However, the nitrifying bacteria in the biofilter have low growth rates, which 
can make the biofilter activation a long and delicate process with periods of low nitri-
fication rates and variations in water quality. More knowledge on the microbial devel-
opment in biofilters is therefore needed in order to understand the rearing conditions 
that favour optimal activation of the biofilters. In this case study, we investigated the 
activation of two biofilters in a marine RAS for Atlantic salmon post-smolt associated 
with either high or low stocking densities of fish by monitoring the microbial com-
munities and chemical composition. The results showed that the microbial communi-
ties in both biofilters were similar during the first rearing cycle, despite variations in 
the water quality. Nitrifying bacteria were established in both biofilters; however, 
the biofilter associated with low stocking density had the highest relative abundance 
of ammonia-oxidizing Nitrosococcus (1.0%) and nitrite-oxidizing Nitrospira (2.1%) at 
the end of the first rearing cycle, while the relative abundance of ammonia-oxidizing 
Nitrosomonas (2.3%–2.9%) was similar in both biofilters. Our study showed that low 
fish stocking density during the first rearing cycle provided low and steady concen-
trations of ammonium, nitrite and organic load, which can stimulate rapid develop-
ment of a nitrifying population in new marine RAS biofilters.
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RAS technology, the hourly degree of water recirculation can be 
kept above 99%, which makes it possible to establish fish farms in 
areas or countries with limited water resources.

Due to the high degree of water retention, the RAS has several 
steps of water quality improvement. One of these steps involves bi-
ological removal of ammonia and dissolved organic matter by micro-
organisms that colonize the medium inside the biofilter, referred to 
as biofilm carriers hereafter. These biofilms form complex microbial 
communities over time, comprising different bacteria with various 
metabolic and physical properties. The nitrifying bacteria in the bio-
filter convert the toxic ammonia secreted by the fish to non-toxic 
nitrate in a two-step process. The oxidation of ammonia to nitrite 
is usually performed by species within Nitrosomonas in marine RAS, 
while the oxidation of nitrite to nitrate is often performed by species 
within Nitrospira (Blancheton, Attramadal, Michaud, d'Orbcastel, & 
Vadstein, 2013; Foesel et al., 2008; Keuter, Beth, Quantz, Schulz, & 
Spieck, 2017; Ruan, Guo, Ye, Liu, & Zhu, 2015; Schreier, Mirzoyan, 
& Saito,  2010; Tal, Watts, Schreier, Sowers, & Schreier, 2003). 
Cultured representatives of these nitrifying bacteria are known to 
have low growth rates (Koops & Pommerening-Röser, 2015a; Spieck 
& Lipski, 2011), which can make activation of new RAS biofilters a 
time-consuming process. The slow development of nitrifying bac-
teria makes the biofilter less efficient during the activation period, 
causing low water quality due to increased concentrations of am-
monia and nitrite, which can be harmful for the fish or inhibit fur-
ther microbial biofilter development. It is important to obtain further 
knowledge on the development of nitrifying bacteria in RAS biofil-
ters and reveal factors that can promote growth of the nitrifying 
population in order to reduce the activation period. This is of great 
economic interest for the aquaculture industry and could also im-
prove the welfare of farmed fish.

As laboratory experiments are not necessarily a good model 
for microbial colonization of a large-scale industrial RAS, we per-
formed a case study by surveying the microbial succession of two 
biofilters in a marine RAS for post-smolt Atlantic salmon during the 
first 17 weeks of the biofilter activation period. The RAS had two 
parallel biofilters where the fish tanks connected to each biofilter re-
ceived either low or high stocking density. The aim of the study was 
to compare the establishment of the nitrifying population in each 
biofilter and reveal how the development of microbial communities 
was affected by stocking density and variations in physiochemical 
water parameters.

2  | MATERIAL S AND METHODS

2.1 | The rearing facility

The RAS surveyed in this study was located on the west coast of 
Norway. This fish farm comprises two RAS units for rearing post-
smolt Atlantic salmon, prior to on-growing in seawater cages. The 
two RAS units were engineered and installed in 2015 and 2017, 
respectively, of which the newest unit was explored in this study. 

Samples for microbial analyses and physiochemical water parame-
ters were obtained throughout the first rearing cycle in the new RAS 
unit, which started in December 2017 and ended in March 2018.

The RAS unit comprised four fish tanks with a volume of 1,150 m3 
each and with a dilution rate of 150 m3/hr/tank. There were 2 bio-
filters in the RAS unit, where one biofilter was connected to 2 fish 
tanks. Each biofilter contained 300 m3 of BioWaterTM Biofilm car-
riers (Biowater Technology) made from high-density polyethylene 
(HDPE) with a surface area of 828 m2/m3. Maximum fish stocking 
capacity of the RAS unit was a total of 500,000 post-smolt individ-
uals, which grew from approximately 100 g to approximately 500 g 
during a rearing cycle of 4 months. The feed conversion ratio was 
0.8, but feeding was adjusted according to fish appetite. Fish in tanks 
connected to Biofilter 1 received feed supplied by Alltech (Emerald, 
3–4  mm), whereas fish in tanks connected to Biofilter 2 received 
feed supplied by BioMar (Orbit, 3–4 mm).

The biofilters in the RAS unit were inoculated with microorgan-
isms from the biofilter in the older RAS unit, as this biofilter was 
matured and fully operational at the time of biofilter activation in 
the newest RAS unit. Approximately 200 L of biofilm carriers and 
water from the old RAS biofilter was transferred to each of the new 
biofilters, which gave an inoculum size of approximately 0.07%. An 
oxidative agent (Loz supplied by Loz AS) was added periodically for 
removal of mainly nitrite and organic compounds, in order to com-
pensate for the low performance of the immature biofilter. The Loz 
might also oxidize ammonia to some degree. Fish tanks associated 
with Biofilter 1 received up to 9.6 L/hr Loz on a daily basis in weeks 
5–17, while fish tanks associated with Biofilter 2 received up to 
0.2 L/hr Loz sporadically in weeks 11 and 13.

The inoculation of the biofilters was termed week 1 of the acti-
vation period. The fish tanks initially received maximum fish stocking 
density shortly after inoculation and activation of the biofilters: The 
first half of the fish batch was stocked in week 3, distributed into 2 
of the tanks where each tank was associated with 1 of the biofilters. 
Then, the second stocking occurred in week 6 in the remaining 2 
tanks. However, technical issues caused high mortalities in the fish 
tanks connected to Biofilter 2 in week 6, only a few days after the 
fish stocking. This resulted in two different biofilter activation strat-
egies, where Biofilter 1 supported fish tanks with 100% of maximum 
fish stocking density (~125,000 fish per tank), referred to as high 
stocking density hereafter, while Biofilter 2 supported fish tanks 
with approximately 8% of maximum fish stocking density (~10,000 
fish per tank), referred to as low stocking density hereafter.

2.2 | Quantification of water quality parameters

Nitrogen species in the water was analysed using a Odeon fitted 
with a photopod (Ponsel Measure) and with suitable tube tests for 
ammonia (0.08–1.6  mg/L-N), nitrite (0.01–0.6  mg/L-N) and nitrate 
(0.06–1.8  mg/L-N) (Orchidis). The concentrations of ammonia and 
nitrite were measured daily, while the concentration of nitrate was 
measured at irregular intervals in order to confirm nitrate formation. 
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Conductivity, pH and temperature were measured continuously 
using probes (Schneider probes and Unitronics computer software); 
however, a single representative reading per day is included in this 
data set. The salinity data were calculated from measured conduc-
tivity and temperature, using a standardized formula (Fofonoff & 
Millard, 1983).

2.3 | Biological sample material and water 
chemistry data

Samples for microbial community analyses were retrieved weekly 
and the water quality was monitored regularly from week 3 onwards, 
when the fish tanks were stocked. The biological sample material 
comprised microorganisms from water in the fish tanks and biofilm 
from biofilter carriers. From one of the fish tanks connected to each 
biofilter, 240 ml of water was collected and filtered using 0.22 µm 
Sterivex filter units (Merck). From each biofilter, 2 biofilm carriers 
were collected in a falcon tube. The samples were kept cold during 
transportation to the University of Bergen and stored at −20°C until 
further analyses.

2.4 | DNA extraction and amplicon library analysis

Microbial community analyses were based on 16S rRNA gene ampli-
con libraries that were sequenced using the Ion Torrent technology. 
From each biofilter, 2 biofilm carriers were sampled for DNA extrac-
tion using DNeasy Power Biofilm kit (Qiagen). Biofilm carriers were 
incubated in Falcon tubes with lysis buffers from the kit at 65°C, as 
suggested by the kit protocol, with occasional vigorous shaking. The 
supernatants were then transferred to bead tubes supplied by the 
kit, and the DNA extraction was completed following the protocol 
supplied with the kit. The plastic casing of filters containing micro-
organisms from fish tank water were cracked open using a pair of 
tongs, before the filter material was removed from the plastic core 
using a sterile scalpel. Then, the DNeasy Power Water kit (Qiagen) 
was applied on the filters, as described by the manufacturer.

An Amplicon library was constructed for the samples using the 
primers 519f and 806r in a two-step PCR, as described in Roalkvam, 
Drønen, Dahle, and Wergeland (2019b). The bioinformatics pipe-
line included filtering, clustering into operational taxonomic units 
(OTUs), trimming, chimera removal and taxonomic classification; see 
Roalkvam et al. (2019b) for details.

2.5 | Statistical analyses

The principal coordinate analysis (PCoA) was performed using the 
‘Vegan’ package in R version 3.5 (Oksanen et al., 2018; R Core Team, 
2018), using the ‘cmdscale’ function with Bray–Curtis as dissimilarity 
index. The analysis was performed on data at genus level with values 
given as relative abundance.

2.6 | Ethics statement

The authors confirm that the ethical policies of the journal, as noted 
on the journal's author guidelines page, have been adhered to. No 
ethical approval was required as this study did not include animal 
specimens.

3  | RESULTS

The marine RAS in this study contains 2 biofilters that operate 2 fish 
tanks each. The biofilter associated with a high fish stocking den-
sity (100% of maximum stocking density) is referred to as Biofilter 
1 hereafter, while the biofilter associated with a low fish stocking 
density (8% of maximum stocking density) is referred to as Biofilter 
2 hereafter.

3.1 | Water chemistry and fish mortality during the 
first rearing cycle

In water from Biofilter 1, the temperature was 9.3–17.7°C during 
the rearing cycle, except for a period between weeks 10 and 16 
when the intake water had a higher portion of colder fresh water 
(Figure 1a). This corresponded to a period with wounds on the fish, 
where lower salinity was used in order to improve recovery of the 
fish. The average rearing salinity was 22.3ppt NaCl, except for the 
wound treatment period, when the salinity was below 20ppt NaCl. 
The pH was above 7.5 during the first 4 weeks after start-up, prob-
ably due to carbonates from concrete residues after construction 
work, but later decreased to an average pH of 7.0 for the remaining 
rearing cycle (Figure 1a). In Biofilter 2, the water quality was more 
stable compared to Biofilter 1, with no periods of increased fresh-
water addition. The temperature was 8.9–14.9°C, and the average 
salinity was 27.4ppt NaCl (Figure 1b). The pH was above 7.5 for a 
longer period compared to water in Biofilter 1, and did not decrease 
until 12 weeks after start-up (Figure 1b).

In Biofilter 1, the concentration of ammonium increased consid-
erably the first 10 weeks of the rearing cycle (Figure 1c), reaching a 
maximum concentration of 17.6 mg/L-N. The concentration of nitrite 
increased considerably in weeks 10–14, with measured concentra-
tion above 100 mg/L-N nitrite (Figure 1c). The irregular quantifica-
tion of nitrate concentrations confirmed that nitrate was produced 
and showed high concentrations (<220  mg/L-N) at some sample 
points (Figure 1c). Due to the low stocking density in the fish tanks 
connected to Biofilter 2, the concentration of ammonium remained 
below 8.3  mg/L-N throughout the cycle (Figure  1d). Loz was only 
added sporadically and in low concentrations in order to support 
nitrate formation from nitrite. During the rearing cycle, the concen-
tration of nitrite remained below 50 mg/L-N, whereas the concen-
tration of nitrate remained below 15.6mg/L-N (Figure 1d).

For all fish tanks, mortalities were recorded during the rearing 
cycle. The number of dead individuals from the batch of fish in each 
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fish tank varied substantially. In fish tanks connected to Biofilter 1, 
the mortalities increased for a short period of time in weeks 4–5 
(Figure 1e), possibly due to poor water quality and increased concen-
trations of ammonium. Furthermore, in the period between weeks 
10 and 13, high mortalities were associated with poor water quality 
and increase in wound formations. Wounds occurred on the flank 

next to the caudal fin, and were probably caused by the fish rubbing 
against objects in the fish tanks (Figure S1). No fish pathogenic bac-
teria could be isolated from the wounds on plates with marine agar 
or blood agar with 2% NaCl. In fish tanks connected to Biofilter 2, 
the majority of the fish in both tanks perished in week 6 due to tech-
nical issues (Figure 1f). It was estimated that 10,000 fish remained in 

F I G U R E  1   Water chemistry parameters and fish mortality were registered on a daily basis for Biofilter 1 and Biofilter 2. The parameters 
for pH, salinity and temperature are shown for Biofilter 1 (a) and Biofilter 2 (b). The concentrations of ammonium, nitrite and nitrate are also 
shown for Biofilter 1 (c) and biofilter 2 (d). Note the different scales on the second axes. Periods with relatively high daily mortality were 
detected in fish tanks connected to Biofilter 1 (e) and Biofilter 2 (f). The fish tanks connected to Biofilter 2 experienced technical issues in 
week 6 that killed ~92% of the stock (f). The daily mortality in parallel fish tanks associated with each biofilter is indicated
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each fish tank, which is 8% of the maximal stocking density. In week 
15, a new batch of fish was added to the fish tanks connected to 
Biofilter 2 in order to reestablish the original stocking density. This 
increased the mortality transiently due to damages caused by trans-
portation (Figure 1f).

3.2 | Microbial community structure

Variations in community structure between groups of samples and 
over time were analysed on genus level using PCoA. Microbial com-
munities in fish tank water and biofilms from both biofilters were 
very similar during the first 4 weeks (Figure 2). During the following 
period (weeks 5–10), the microbial communities in fish tanks and the 
two biofilters gradually formed distinct clusters. Biofilms from both 
biofilters had highly similar communities at the end of the rearing 
cycle, as samples from weeks 10 to 17 clustered together. Contrarily, 
communities in water sampled from fish tanks connected to Biofilter 
1 and Biofilter 2 were less similar, as these samples did not cluster 
together, and were also separated from biofilm sample (Figure 2).

On class level, biofilms from Biofilter 1 and Biofilter 2 seemed 
stable over time (Figure 3a,c). Several of the classes were abundant 
in biofilms from both biofilters, such as Gammaproteobacteria and 
Flavobacteria which comprise up to 97.2% and 50.0% in Biofilter 1 and 
up to 83.6% and 58.4% in Biofilter 2 respectively (see Figure S2 for 
microbial community structure on genus level). Some of the sampled 
biofilms in Biofilter 1 had considerably higher relative abundances of 
taxa within Alphaproteobacteria, Cytophagia, Deltaproteobacteria and 

Betaproteobacteria, compared to biofilms in Biofilter 2. Taxa found to 
be abundant in biofilms from Biofilter 2, but not Biofilter 1, included 
Bacilli, Nitrospira, Acidimicrobiia and uncultured members of BD1-5 
clade, TM6 clade and Crenarchaeota group (Figure S2).

Throughout the rearing cycle, the variation in community struc-
tures of the fish tank water was higher than for the biofilms in the 
biofilters (Figure  3b,d). Similar to the biofilms, the water samples 
were dominated by Gammaproteobacteria and Flavobacteria, which 
comprised up to 97.6% and 58.4% in water connected to Biofilter 
1 and up to 93.6% and 92.7% in water connected to Biofilter 2 re-
spectively (see Figure S2 for microbial community structure on 
genus level). In addition, tank water connected to Biofilter 1 had 
high relative abundance of Cytophagia, which comprised up to 63.1% 
of the microbial communities in the water, and also higher relative 
abundance of Alphaproteobacteria compared to water from Biofilter 
2 (Figure  3b). Furthermore, several taxa were present with a rel-
ative abundance above 2% in fish tank water connected to either 
Biofilter 1 or Biofilter 2. Among these, the taxa within BD1-5 clade 
and Actinobacteria were particularly abundant in fish tank water 
connected to Biofilter 2 (Figure 3d), where their relative abundances 
were 23.8% and 18.0% in some samples respectively.

3.3 | Development of the nitrifying population 
in the biofilters

Among known genera of nitrifying microorganisms, the most abun-
dant in the biofilter samples were Nitrosomonas (Betaproteobacteria), 

F I G U R E  2   Principal coordinate 
analysis (PCoA) performed on all samples 
at genus level. Samples were compared 
using Bray–Curtis distance matrix, and 
the similarities were visualized in a PCoA 
plot. Numbers under the points refer 
to number of weeks into the sampling 
period
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Nitrosococcus (Gammaproteobacteria) and Nitrospira (Nitrospira) 
(Figure 4a,b). Cultured members of Nitrosomonas and Nitrosococcus 
are known to oxidize ammonia to nitrite (Koops & Pommerening-
Röser,  2015a), while cultured members of Nitrospira are known 
to oxidize nitrite to nitrate (Spieck & Bock, 2015b). In Biofilter 1, 
the first nitrifying genus to be detected was Nitrosomonas, which 
occurred in week 9 (Figure  4a), and the decrease in ammonium 
concentration and subsequent increase in nitrite concentration 
during the following weeks was probably the first sign of micro-
bial nitrification in the new RAS. In Biofilter 2, Nitrosococcus was 
the first nitrifying genus to be detected, which occurred in week 
5 (Figure 4b). The relative abundances of both Nitrosomonas and 

Nitrosococcus increased notably in week 9, which corresponded 
well with the decrease in ammonium concentration starting in 
week 7. In Biofilter 1, the first step of nitrification seemed to be 
performed by Nitrosomonas only, which comprised a relative abun-
dance of up to 2.9% at the end of the rearing cycle. The highest 
relative abundance of Nitrosococcus in Biofilter 1 was found to be 
0.03% (Figure 4a). In Biofilter 2, Nitrosococcus seemed to coexist 
with Nitrosomonas, where the relative abundances of Nitrosomonas 
reached a maximum of 2.7%, whereas the relative abundances of 
Nitrosococcus reached a maximum of 3.3% (Figure 4b). Furthermore, 
the nitrite-oxidizing Nitrospira was detected in both biofilters, but 
seemed to develop more slowly than the ammonia oxidizers. Their 

F I G U R E  3   The microbial community structures were monitored using 16S rRNA gene sequencing. In a trend of increased diversity 
over time was observed in sample materials from both Biofilter 1 (a) and Biofilter 2 (c). The microbial communities in sampled fish tank 
water connected to Biofilter 1 (b) and Biofilter 2 (d) comprised many of the most abundant taxa also found in biofilms, but showed more 
variation during the rearing cycle. The microbial community structures are shown at class level; and taxa with a relative abundance of 
>2% in one or more samples are included. See Figure S2 for microbial community structures at genus level
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relative abundances increased above 0.1% after 17 and 15 weeks 
in Biofilter 1 and Biofilter 2, respectively, meaning that the oxidiz-
ing agent (Loz) was needed in the early phase of biofilter activation 
in order to remove nitrite chemically. However, the development 
of the Nitrospira population in the two biofilters was very differ-
ent. In Biofilter 1, the relative abundance of Nitrospira reached a 
maximum of 0.14%, whereas in Biofilter 2, the relative abundance 
of Nitrospira reached a maximum of 2.1%.

In addition, possible nitrifying Thaumarchaeota within Archaea 
was detected in biofilter biofilms. They comprised up to 0.08% of 
the microbial communities, except for the first week in Biofilter 2 
when a relative abundance of 2.4% was detected (Figure 3c). The 
Thaumarchaeota was only detected in early stages of the biofilter 
activation (within first 4 weeks), and seemed to be outcompeted 
by the nitrifying bacteria once these established. All the genera of 
nitrifying bacteria were also detected in fish tank water, but with 
considerably lower abundances compared to the biofilms in the 
biofilters.

4  | DISCUSSION

In this case study, we have analysed the microbial colonization of 
biofilters and fish tank water in a marine RAS for Atlantic salmon 
post-smolt. Time series of both microbial community structure and 
physicochemical parameters provided detailed information about mi-
crobial development in relation to environmental changes during the 
first rearing cycle. Parallel laboratory experiments were not included 
in this study, as the natural development of nitrifying bacteria in an 
large-scale operational RAS with Atlantic salmon cannot easily be 
simulated in laboratories; however, some of the observations found 
in this study could generate interesting and important knowledge on 
nitrifying bacteria associated with RAS biofilters for future studies.

In general, a successful biofilter activation strategy involves 
rapid development of nitrifying bacteria that can oxidize ammonium 
to nitrite and further to nitrate, while keeping the nitrite concentra-
tions below toxic levels. This has proved difficult to achieve due to 
the low growth rates of these microorganisms. Delong and Losordo 
(2012) suggested the ‘cold start’ method (natural activation of the 
biofilter by introducing a small stock of fish) or the ‘seeding’ method 
(activation of biofilter by inoculation with nitrifying bacteria) for bio-
filter activation in new RAS. In this study, seeding was attempted by 
inoculation with transferred biofilter material from an established 
biofilter; however the inoculum ratio was very small (<0.1%) com-
pared to other studies where up to 15% inoculum ratios has been 
used (Bischoff-Lang, Koch, Thon, & Buck,  2015; Zhu et  al.,  2016). 
In addition, the incubation period between biofilter inoculation and 
fish stocking was very short. Given the slow growth of nitrifying 
bacteria, the inoculation of the biofilters probably had a very limited 
effect, as nitrifying bacteria can also be introduced to the biofilter 
via the fish in the RAS. Hence, the activation of biofilters in the cur-
rent study was similar to the ‘cold start’ method analysed by DeLong 
and Losordo (2012). However, the differences in rearing conditions 
allowed us to compare ‘cold start’ with high stocking densities and 
low stocking densities.

Microbial succession occurred in biofilters and fish tank water 
in the new RAS, as would be expected. The microbial communities 
in the biofilms seemed stable over time compared to the free-living 
microorganisms in the water, which were probably more influenced 
by changing water parameters. The analysed biofilms in the two bio-
filters had many taxa in common at the end of the rearing cycle. The 
dominating taxa common for both biofilters included Neptuniibacter, 
Glaciecola, Colwellia, Kordia, Flavobacterium, Algibacter, Planctomycetes 
(OM190) and members within Saprospiraceae and Alteromonadaceae, 
which were closely related to cultured organoheterotrophic spe-
cies isolated from seawater and marine habitats worldwide (Arahal 

F I G U R E  4   Relative abundances of the nitrifying populations in RAS biofilters. Nitrification in Biofilter 1 (a) and Biofilter 2 (b) was 
performed by representatives within Nitrosomonas, Nitrosococcus and Nitrospira. Low amounts of Nitrosococcus were detected in Biofilter 2 
in weeks 5 and 8, which is marked with asterisks
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et al., 2007; Bernardet, 2015; Bowman & McMeekin, 2015; Deming 
& Junge, 2015; Kim, 2015; McIlroy & Nielsen, 2014; Nedashkovskaya 
& Kim,  2019; Xiao et  al.,  2019). However, few of the dominating 
taxa detected at genus level in this study were recognized among 
dominating taxa described in previous studies from aquaculture 
systems (Brailo et al., 2019; Rurangwa & Verdegem, 2015; Schreier 
et  al.,  2010). The differences in enriched taxa from RAS could be 
related to water quality and rearing conditions in the fish farms, the 
maturity of the biofilter at the sampling date, or choice of methods. 
Overall, the heterotrophic microorganisms represent the majority 
of the microbiome in RAS and are an important part of a healthy 
rearing environment for the fish. In addition, these bacteria could 
possibly prevent disease outbreak to a certain extent by outcompet-
ing opportunistic pathogenic bacteria for resources, as previously 
suggested (Blancheton et al., 2013 and references therein).

A nitrifying consortium involving Nitrosomonas and Nitrospira is 
commonly found in marine RAS biofilters (Blancheton et al., 2013; 
Foesel et  al.,  2008; Keuter et  al.,  2017; Schreier et  al.,  2010; Tal 
et al., 2003), and is regarded characteristic for this type of environ-
ment. Previous analyses of the matured biofilter in the older RAS unit 
at the location in this study showed that the nitrifying population 
comprised Nitrosomonas (2.4% relative abundance), Nitrosococcus 
(0.5% relative abundance) and Nitrospira (12.3% relative abundance) 
(Roalkvam, Drønen, Dahle, & Wergeland, 2019). The current study 
therefore suggested that, among these genera, Nitrosomonas estab-
lished rapidly with abundances similar to mature biofilters. In addi-
tion, Nitrosococcus bloomed in Biofilter 2, with relative abundances 
peaking at 3.3% in week 12. Nitrosococcus is less commonly found 
in aquaculture systems, but has previously been detected in such 
environments (Foesel et al., 2008; Schreier et al., 2010). A study of 
nitrifying bacteria from a wastewater treatment plant shows that 
Nitrosomonas and Nitrosococcus species can coexist in biofilms, 
possibly due to different oxygen requirements (Gieseke, Bjerrum, 
Wagner, & Amann, 2003). Furthermore, cultivated members within 
the Nitrosococcus genus have obligate salt requirements (Campbell 
et  al.,  2011; Koops & Pommerening-Röser,  2015b), which might 
explain the higher relative abundance of Nitrosococcus in Biofilter 
2 compared to Biofilter 1, as Biofilter 2 had higher salinity during 
the entire rearing cycle. This suggests that different species of am-
monia-oxidizing bacteria can coincide in RAS biofilters as a result of 
niche-specific lifestyles, but that the conditions are more suitable for 
Nitrosomonas in most cases.

Due to the slow development of nitrifying bacteria, periods with 
high concentrations of ammonium and nitrite can form in immature 
biofilters. Free ammonia can damage gills, internal organs and os-
moregulation in fish, and the equilibrium between ammonia and 
ammonium in the water is mainly dependent on pH (Thorarensen 
& Farrell, 2011). It is not recommended to exceed 2 mg/L NH4

+-N 
in rearing systems for salmonids (Norwegian Food Safety Authority, 
2016), but cultured and well-characterized marine species of 
Nitrosomonas and Nitrosococcus can tolerate up to 500 mM (26.8 g/L) 
NH4Cl and 1,000 mM (53.5 g/L) NH4Cl as substrate for ammonia ox-
idation respectively (Koops & Pommerening-Röser, 2015b, 2015c). 

In this study, a Nitrosomonas population established in both biofilters 
despite periods of high ammonium concentrations (Figure 1a,b) sug-
gesting that increasing concentrations of ammonium could impair 
the fish welfare rather than inhibiting the development of ammo-
nia-oxidizing bacteria in the biofilters. Interestingly, the high salinity 
in combination with the water quality resulting from the low stocking 
density in Biofilter 2 could have promoted the development of am-
monia-oxidizing Nitrosococcus 4 weeks earlier than the first detec-
tion of ammonia-oxidizing Nitrosomonas found in Biofilter 1, which 
could be of great importance for a rapid biofilter activation strategy.

The most significant difference between the two biofilters at the 
end of the rearing cycle was the relative abundances of nitrite-ox-
idizing bacteria. These microorganisms are crucial for converting 
toxic nitrite to non-toxic nitrate. The nitrite-oxidizing Nitrospira oc-
curred earlier in Biofilter 2, compared to Biofilter 1, and also reached 
14 times higher relative abundance of this genus by week 17. The 
nitrite-oxidizing bacteria are known to have low growth rates in gen-
eral (Abeliovich,  2006; Spieck & Bock,  2015a), and the nitrite-ox-
idizing bacteria seem to be more sensitive to stress and changing 
growth conditions in marine RAS (Blancheton et al., 2013; Graham 
et al., 2007).

High concentrations of nitrite can cause hypoxia in fish, as it 
oxidizes haemoglobin to methaemoglobin that reduces the blood 
cells ability to bind oxygen (Jensen,  2003; Kroupova, Machova, & 
Svobodova, 2005). Nitrite concentrations below 0.5 mg/L-N are rec-
ommended for marine aquaculture systems (Norwegian Food Safety 
Authority, 2016); however, studies on harmful or lethal nitrite con-
centrations for fish in marine RAS are limited. Previous studies have 
shown methaemoglobin formation in sea bass exposed to 12.9 mg/L 
nitrite (Scarano, Saroglia, Gray, & Tibaldi, 1984) and chinook salmon 
exposed to 37.5 mg/L nitrite (Crawford & Allen, 1977). For Atlantic 
cod, nitrite concentrations as low as 1.0mg/L can impair growth 
(Siikavuopio & Saether, 2006). At the fish farm, the welfare of the 
fish was clearly compromised in the period with highest nitrite con-
centration in tanks connected to Biofilter 1, which resulted in low 
activity, wound formation and increased mortality rates. The fish 
also had reduced amount of mucus in this period, a condition possi-
bly enhanced by the increased Loz concentration, which could impair 
the fish's natural protection against invading bacteria. The wounds 
on the flanks of the fish seemed to be caused by mechanical damage; 
however, it is difficult to confirm the cause of the wounds without 
further analyses. Contrarily, wound formation was not observed 
in tanks connected to Biofilter 2, where the nitrite concentrations 
were much lower.

The genus Nitrospira is very diverse, comprising several lin-
eages with isolates from different environments (Daims, Lucker, & 
Wagner, 2016); however, there is limited knowledge on their physi-
ology and metabolic capacity due to the low growth rates and chal-
lenging culture requirements. The low Km (NO2

-) shown in kinetic 
experiments and the chemical properties of the nitrite oxidoreduc-
tase used for nitrite oxidation suggest that most Nitrospira species 
are k-strategists that prefer low nitrite concentrations for growth 
(Daims et al., 2016; Nogueira & Melo, 2006; Spieck & Lipski, 2011). 
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This is also supported by the low nitrite tolerance in cultivated spe-
cies, ranging from 1.5 mM (0.07 g/L) to 25 mM (1.15g/L; Off, Alawi, 
& Spieck, 2010). The highest nitrite concentrations measured in the 
water at the fish farm were within the maximum tolerance range 
for cultured Nitrospira species, but the possibility of growth inhi-
bition of the uncultured Nitrospira species in this RAS due to high 
nitrite concentrations cannot be overlooked. Furthermore, cultured 
Nitrospira species are grown lithoautotrophically or mixotrophically, 
where a high concentration of organic matter is shown to inhibit 
growth (Ehrich, Behrens, Lebedeva, Ludwig, & Bock, 1995; Spieck & 
Bock, 2015b). Therefore, the high stocking density and resulting high 
organic load in the water connected to Biofilter 1 might be disadvan-
tageous for the development of Nitrospira species during biofilter 
activation. Finally, growth experiments have shown that reduced 
partial pressure of oxygen (4 mg/L O2) is recommended for cultiva-
tion of nitrite-oxidizing bacteria (Spieck & Lipski, 2011), and previ-
ous studies on nitrifying biofilms suggest that Nitrospira prefer the 
microaerophilic parts of biofilms (Okabe, Satoh, & Watanabe, 1999; 
Schramm, De Beer, Gieseke, & Amann, 2000). The oxidative agent 
Loz was added in periods during the first rearing cycle in order to 
compensate for the lack of microbial nitrite oxidation in the biofil-
ters. Greater amounts of Loz were added to Biofilter 1 compared to 
Biofilter 2, due to the higher stocking density and nitrite concentra-
tions. The highly reactive Loz might remove microaerophilic niches 
needed by the Nitrospira species, thereby preventing optimal growth 
conditions for these nitrite oxidizers in Biofilter 1. However, addi-
tional studies are needed to reveal optimum oxygen requirements 
for the uncultured nitrite-oxidizing bacteria found in marine RAS.

Overall, the relative abundance of Nitrospira did not exceed 0.14% 
in Biofilter 1 and 2.1% in Biofilter 2 during the first rearing cycle, 
which is far below relative abundance (<12.3%) observed in mature 
biofilters (Roalkvam, Drønen, Dahle, & Wergeland, 2019a). Although 
nitrifying bacteria established in the biofilters with 17  weeks, an 
activation period of 4 months did not seem to be enough time to 
ensure complete maturation of the biofilters or reaching maximum 
nitrification capacity. However, the community structures at genus 
level implied that activation of Biofilter 2 was more successful than 
Biofilter 1, due to its overall higher relative abundance of nitrifying 
bacteria. Moreover, the staff at the fish farm reported in the period 
after the first rearing cycle that the water in Biofilter 2 had a more 
stable chemical composition and lower ammonia and nitrite levels 
than water in Biofilter 1.

In conclusion, the results indicate that stocking density is not 
largely affecting the development of the class-level community 
structure in biofilters; however, it seems to greatly affect the water 
quality and thereby the establishment of nitrifying bacteria during 
the biofilter activation period. The biofilter associated with low 
stocking density provided rearing conditions with water quality that 
most likely encouraged a successful development of nitrite-oxidiz-
ing bacteria in the biofilter. This biofilter reached the highest overall 
relative abundance of nitrifying bacteria, where particularly the ni-
trite-oxidizing bacteria were significantly more abundant compared 
to the biofilter associated with high stocking density. Based on this 

study, a low stocking density during biofilter activation is recom-
mended as this is shown to provide excellent growth conditions 
favouring a rapid development of a stable biofilter with an active 
nitrifying population. In addition, larger inoculum ratio and longer in-
cubation of the biofilters before fish stocking are strongly suggested 
for future RAS biofilter activation strategies.
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