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Abstract. Recirculating aquaculture systems (RAS) allow controlled cultivation of bivalves. RAS offer
adjustable environmental conditions such as water temperature, salinity and stable water quality. In
such systems, microalgae for mussel feeding are unfortunately filtered out by the common RAS
techniques in use (regular biofilter, protein skimmer). We designed a new pilot RAS with an airlift
biofilter and tested it with Mytilus edulis-like mussels under different temperature and salinity regimes,
presenting a standardized technique for long term mussel studies under controlled conditions. In the first
trial (12 weeks under feeding conditions), we found a significant decrease (3-43%) of the mussel
condition indices (CI) with increasing temperatures (5-25°C). In a second trial (8 weeks), we verified
earlier results under doubled feeding (twice a day). Significant differences were found between the
temperatures 5°C to 20°C and 10°C to 20°C, however, no significant influence was seen at the tested
salinities (10 PSU, 15 PSU, 20 PSU).We demonstrate that the presented small-scale RAS, including the
part time use of an airlift biofilter, enabled long-time availability of introduced microalgae feed under
experimental conditions, with filter feeders (M. edulis-like), excluding erratic influences of inadequate
feeding during long term experiments with mussels and possibly other bivalves.
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Introduction. Blue mussels (Mytilus edulis) are the favored consumed bivalve in Europe
and cultivated for human consumption in aquaculture. Filtration of water suspended
particles and plankton enables M. edulis nutrition (Storch & Welsch 2004) and growth. In
the Baltic Sea, M. edulis and M. trossulus sympatric occur, which are considered as M.
edulis-like (Stuckas et al 2017). The quantity of filtered seawater amounts 5-15 L
(individual day)™?, and is influenced, apart from feed concentration itself, mainly by
salinity and temperature of the surrounding seawater (Gosling 2003). Nowadays, bivalve
cultures are kept in the natural sea, flow-through systems or in recirculating aquaculture
systems (RAS). In flow-through systems the introduced algae feed is removed by
constant water exchange. There have been several studies upon bivalves in RAS, but
such systems are not yet in commercial use (Blanco & Kamermans 2015; Joaquim et al
2014; Magnesen & Jacobsen 2012; Merino et al 2009; Pfeiffer & Rusch 2000; Suantika et
al 2000; Xiongfei et al 2005).

Several advantages for the cultivation in RAS were identified, such as a stable
water quality and a higher concentration of microbiota (Blancheton et al 2013), an
increased biomass production, growth and survival at comparable costs compared to
flow-through systems. Temperature control of the water further enabled independency
from season and weather condition (Dunning et al 1998; Martins et al 2010; Besson et al
2014). The highest disadvantage of RAS was identified in the removal of introduced feed
and the adjustment of predefined concentrations of microalgae, influenced by RAS
techniques, e.g. regular biofilter and/or protein skimmer (Kamermans et al 2016). The
method is costly, and contrasts the effort to mimic nature conditions in RAS such as the
long-time availability of suspended feed for the bivalves to guarantee best feed supply.
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Harbach & Palm (2017) presented an experimental setup to study M. edulis
artificially contaminated with Vibrio parahaemolyticus under controlled conditions to
estimate the influence of temperature and salinity upon feed uptake and persistence. This
study showed the accumulation of nitrogen metabolites in the process water (+0.28 mg
Lt NO,; +7.99 mg L' NOs3; +1.12 mg L' NH,), over an experimental time of only 72h,
revealing the need of a biological filter to maintain the water quality. Harbach & Palm
(2018) demonstrated in a further developed system design, including a biological airlift
filter, over a period of 8 months, an adequate range of water quality. The present study
applied a similar methodology, however, with an additional part time airlift biofilter, at
different combinations of temperatures and salinities, commonly found in the Western
Baltic Sea. The blue mussel were kept over two periods, 12 (first trial) and 8 (second
trial) weeks.

The purpose of the present study was to verify the results of Hiebenthal et al
(2012), who tested M. edulis-like mussels at similar temperatures, but a higher salinity
regime (our study: 10, 15, and 20 PSU; Hiebenthal et al 2012: 15, 25 and 35 PSU),
under static conditions and by using natural Baltic Sea water. We expected a decrease of
the condition index (CI) with increasing temperature (4-25°C, Hiebenthal et al 2012),
and no significant influence of the salinity. However, we applied controlled water
conditions, a larger water volume (10x) and mussel sampling size (5x). Through part
time addition of an airlift biofilter, we kept water parameters stable, excluded any
external influences and suggest a more standardized technology. Future possibilities to
apply the presented cultivation technique for bivalves under RAS conditions are
discussed.

Material and Method. M. edulis-like originated from a longline mariculture inside Kiel
Fjord in the western Baltic Sea. 2 weeks prior to the start of the experiment, test
individuals were transferred into a small-scale recirculation system and adapted to the
temperature and salinity combinations (Figure 1). Adaptation occured according to the
formula of Baur & Rapp (2003) (temperature difference (°C) x 3 = adaptation time
(days)). The average length of the test individuals was 2.8 cm. Mussels were selected
randomly with an initial stocking density of 100 M. edulis-like specimens per unit.
Surfaces of individuals were cleaned from adhered materials prior to the start of the
experiment. The German Animal Welfare Act does not affect mussels, so the experiments
followed the rules of the 3-R-principle.

The experiments were set up in aquaria (60 x 30 x 30 cm) filled with 40 L artificial
sea water (ASW, from “Tropic Marin”). Temperature was regulated by placing the aquaria
in water filled wells (80 x 40 x 40 cm) connected to cooling unit. Aquaria were covered
and a rotary pump guaranteed water movement and oxygen supply. Salinity and
temperature were kept at the chosen levels (1 PSU/%x1°C). The seven selected
combinations of temperatures and salinities tested in triplicates are given in Table 1.

To validate the results of the first trial the influence of the temperature on the CI
was reexamined in a single factor second trial (Table 1). Therefore the resulting
temperatures of the first trial, 5°C, 10°C and 20°C, each at 15 PSU, were chosen and
again examined under identical conditions in triplicates for 8 weeks.

Table 1
Studied temperatures and salinity combinations (triplicates) tested for 12 weeks

Salinity (PSU)

Temperature (°C)

10 15 20
5 v
10 v
15 v v v
20 v
25 v

PSU- Practical Salinity Units; Bold indicates repetitively examined combinations (repetitive trial of 8 weeks).
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To prevent accumulation of toxic metabolites (NO,, NOs, NH,) inside the recirculating
water, a biological water treatment was applied by an airlift with a filter foam sponge
driven by an air pump, so a water flow of 80 L h' (2 x total water volume h™') was
generated. A possible influence of the filtering technique upon the feed availability to the
mussels within the experimental setup was analyzed prior to the experiments. The aim
was to achieve the best feed availability (time and distribution in the water column) to
the mussels. Low variation coefficient of the subsamples over time was expected,
demonstrating an even distribution of the feed particles within the water column,
whereas a high variation coefficient was associated with an uneven distribution of feed
particles. Two variations were tested: airlift operating for 6 h and airlift not operating. 25
samples were taken over the entire period.

Mussels in each aquarium were fed over 12 weeks once day™ (9 a.m.) with a
microalgae suspension of 40,000 cell mL? (4.0x104 cell mL™) in the final water body
(Trial 1). During Trial 2, mussels were fed for 8 weeks twice day™® (9 a.m. and 3 p.m.).
The suspension consisted half of Phaedactylum tricornutum 20,000 cell mL? (2.0x104
cell mLY) and half of Tetraselmis suecica 20,000 cell mL! (2.0x104 cell mL™). The
concentration of algae cells mL™* was determined by using a hemocytometer (“Neubauer
improved”). The lower detection limit of the hemocytometer amounted 2,500 cell mL™.

Water parameters, temperature, salinity, oxygen content, pH, ammonia (NH,),
nitrite (NO,) and nitrate (NO3), were measured in intervals. Temperature, salinity and pH
were measured daily. Ammonia, nitrite and nitrate were measured weekly by using wet
chemical tests (JBL) adapted to photometrical measurement (HachLange DR 2800). NO,,
NOs and NH, limits were set to 3% of the lethal concentration (LC50) values (7 days) for
M. edulis (Gregor 2008). Limits were set to 1.69 mg L for NO,, 300 mg L for NO; and
2.66 mg L! for NH,. To comply with the limits water exchange was executed as
necessary.

20 specimens of mussels were sampled randomly from each treatment (Table 1)
in monthly intervals (Trial 1 and Trial 2). In compliance with Bustnesj & Erikstadk (1990)
and Mallet & Carver (1995) each mussel was individually examined according to the
following procedure: M. edulis posterior adductor muscle was cut, the mussel was opened
and prepared apart from the shells. The shell weight was documented and the M. edulis
soft tissue was treated 48 h at 60°C to record the dry weight.

The condition index (CI) was calculated after the formula of Walne (1976):

CI = (dry weight/shell weight) * 100

With the help of CI comparisons of M. edulis general physiological condition are
possible, which determine their fithess (Hiebenthal et al 2012). Statistical analyses were
conducted using ANOVA with permutation test, a function of R-language version for
Windows 3.1.0 (R Core Team).

Results. A lower total feed availability was found in the turned off airlift tested systems
(-52.4% over 360 minutes), compared to the turned on airlift tested systems when. Feed
availability was reduced by 61.9% over the first 120 minutes and by 35.9% on the next
period up to 360 minutes, with a turned on airlift.

The feed particle distribution showed a variation coefficient of 56.4% (120 min)
and 72.6% (360 min) under running airlift, while a variation coefficient of 32.6% (120
min) and 39.8% (360 min) was found under airlift turned off (Table 2, Table 3). The
highest variation coefficients under running airlift showed a temporarily absence of
particles inside the water column.

According to these results, best performance was achieved with the airlift turned off
for two hours after application of the feed, offering a highly stable feed concentration and
supply. During this period, each mussel filtrated a presumed volume of 4.8 L water
(15°C=40+1.5 mL min*) (Riisgard 1991). By stopping the airlift only for 2 h after feeding,
the variation coefficient of the observed algae concentrations was reduced to a minimum,
32.6% after 2 h and 39.8% after 6 h. This contrasted a higher variation coefficient with the
running airlift, demonstrating uneven feed availability throughout the experiment.
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Table 2
Feed availability (microalgae) inside the system with a running airlift

Time Tetraselmis sp. Phaeodactylum sp. Sum Variation coefficient
(min) (cells mL™?) (cells mL™?) (cells mL™?) (%)

5 5,000 12,500 17,500 20.2
10 5,000 10,000 15,000 10.9
15 2,500 7,500 10,000 27.0
20 2,500 7,500 10,000 28.6
25 n.d. n.d. n.d. 28.6
30 2,500 10,000 12,500 25.1
35 5,000 10,000 15,000 22.7
40 n.d. 5,000 5,000 34.5
50 n.d. 2,500 2,500 47.2
60 n.d. 5,000 5,000 50.8
75 n.d. 7,500 7,500 50.0
90 n.d. 2,500 2,500 56.4
105 n.d. n.d. n.d. 56.4
120 n.d. n.d. n.d. 56.4
135 n.d. 2,500 2,500 61.5
150 n.d. 2,500 2,500 65.8
165 n.d. n.d. n.d. 65.8
180 n.d. 2,500 2,500 69.3
210 2,500 2,500 5,000 69.1
240 n.d. 10,000 10,000 66.0
255 2,500 2,500 5,000 65.9
270 n.d. n.d. n.d. 65.9
300 n.d. 2,500 2,500 68.4
330 2,500 n.d. 2,500 70.6
360 n.d. 2,500 2,500 72.6

min-minutes; n.d.-not detected.
Table 3
Feed availability (microalgae) inside the system with airlift turned off

Time Tetraselmis sp. Phaeodactylum sp. Sum Variation

(min) (cells mL™) (cells mL™) (cells mL™?) coefficient (%)
5 n.d. 7,500 7,500 47.1

10 n.d. 12,500 12,500 35.4

15 7,500 7,500 15,000 32.7

20 2,500 7,500 10,000 28.7

25 2,500 17,500 20,000 37.0

30 n.d. 17,500 17,500 34.0

35 n.d. 15,000 15,000 30.8

40 n.d. 12,500 12,500 29.2

50 2,500 7,500 10,000 29.6

60 n.d. n.d. n.d. 29.6

75 n.d. 7,500 7,500 32.6

90 n.d. 7,500 7,500 34.6

105 2,500 10,000 12,500 33.0

120 n.d. 17,500 17,500 32.6

135 2,500 7,500 10,000 32.3

150 n.d. 7,500 7,500 33.7

165 2,500 n.d. 2,500 40.2

180 n.d. 12,500 12,500 38.7

210 2,500 2,500 5,000 41.2

240 2,500 10,000 12,500 39.9

255 2,500 7,500 10,000 39.2

270 5,000 10,000 15,000 38.2

300 2,500 2,500 5,000 40.2

330 2,500 7,500 10,000 39.5

360 2,500 5,000 7,500 39.8

min-minutes; n.d.-not detected.
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Table 4
Water parameters and mortality of the aquaria tanks during the first trial

7(°C) PSU pH NO, NO; NH, Mort.
A1-A3
@/min/max  10.5/10/11 15/14/16 7.3/6.7/8  0.8/0/1.6 39/1/79 1.4/0.4/2.4 27
T (°C)
B1-B3
O/minymax  19-8/19/21  15/14/16  7.3/6.5/8  0.8/0/1.6 55/4/114 1.3/0.4/2.5 19
C1-C3
Gjminfmax  5:3/4.2/6  15/14/16 7.4/6.8/7.8 0,8/0/1.6 30/1/68 1.4/0.4/2.6 18
D1-D3
G/mimjmax  15/14/16  10/9/11  7.5/6.8/8  0.8/0/1.6 60/3/119 1.2/0.2/2.5 19
E1-E3
G/minymax  15/14.3/16  15/14/16 7.2/6.2/8.2 0.6/0.1/1 23/9/47 1.1/0.6/1.7 12
F1-F3
O/minjmax  24:6/24/25.4 15/14/16 7.1/6,4/7.8 0.6/0.1/1.1 48/5/99 1.1/0.5/2 258
G1-G3
o/minjmax  15/14.3/15.9 20/19/21 7.1/6.1/7.9 0.6/0.2/1.1 30/5/62 1.4/0.8/2 14

max-maximum; min-minimum; PSU-practical salinity units; T-Temperature; @-mean.

Table 5
Water parameters and mortality of the aquaria tanks during the second trial
T(OC) PSU pH N02 N03 NH4 Mort.
Al1-A3
@/min/max 10.6/10/11 10/10/11 7.1/6.1/8 0.1/0/0.4 6/1/16 1/0.6/1.5 6
T (°C)
B1-B3
@/min/max 19.6/19/20.9 15/15/16 7.3/6.7/7.9 0.1/0/0.2 4/1/9 1.2/0.8/2.4 3
D1-D3

o/min/maxMort. 4.9/4/6 15/14/16 7.5/7/8.2  0.4/0/0.9 14/1/28 1.4/0.7/2.1 3

max-maximum; min-minimum; Mort.-mortality; PSU-practical salinity units; T-temperature; @: mean.

Water parameters during the trials ranged within the intended limits. Minimum and
maximum, mortality are presented in Table 4 (first trial) and Table 5 (second trial).

Influence of the salinity on blue mussel physiology was studied for 3 months.
Initial CI values at 15 PSU and 20 PSU were remarkable lower than at 10 PSU. At all
tested salinity levels the temperature was 15°C (£1°C). The found trends were: a
decreasing CI from an initial value of 17.8 to 11.6 at salinity values of 10 PSU and an
almost stable CI at an initial value of 7.0 to 7.1 and at an initial value of 7.0 to 7.2 at 15
and 20 PSU, respectively (Figure 1).

The influence of the temperature on the physiology of M. edulis was studied for
three (Trial 1) and two (Trial 2) months. The pooled condition indices (n=240) and
correlated standard deviations during the first 12 weeks are given in Figure 1. Due to
high mortalities at 25°C this part of the experiment was finished ahead of schedule after
one month. The initial CI values of mussels at 15°C and 25°C were lower compared to
the other temperatures. In general, with the same feed availability, a decrease of the
condition indices was found with an increase of the temperature (5-25°C). Significant CI
differences were found for various temperatures. At 5°C average CI decreased from an
initial value of 17.8 to 17.2 (-3.4%), at 10°C the average CI decreased from an initial
value of 17.8 to 14.8 (-16.9%), at 15°C the average CI remained stable, between 7.0
and 7.1, at 20°C the average CI was reduced from an initial value of 17.8 to 9.4 (-
47.2%) and at 25°C the average CI decreased from an initial value of 7.0 to 4.0, after
only one month (-42.9%).
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Figure 1. First trial CI and standard deviations of blue mussels (n=20) over 12 weeks.
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Figure 2. Pooled condition indices (12 weeks/25°C: 4 weeks) with standard deviations of
the temperatures 5°C, 10°C, 15°C, 20°C and 25°C.

Testing a possible influence of temperature on the M. edulis physiology showed a similar
result for the repetitive trials, during a two months period. Significant differences were
found between the CI values at the temperatures 5°C to 20°C and 10°C to 20°C, and
between the individual samplings (0-2) at 5°C, 10°C and 20°C temperature (Figure 3).
CI at 5°C increased from an initial value of 15.2 t019.6 (+29%), remained stable at an
initial value of 15.2 to 15.4 at 10°C and decreased from an initial value of 15.2 to 12.6
(-17.1%) at 20°C.
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Figure 3. Repetitive trial development of CI at 5°C, 10°C and 20°C at 15 PSU over 8
weeks.

Discussion. This study demonstrates for the first time, that our new designed
experimental RAS enabled long-time availability of microalgae feed inside a fully
recirculating system, under cultivation of filter feeders, in this case M. edulis-like
(Bivalvia). At the same time, the water parameters kept stable, demonstrating a
functioning biofilter. The results of this RAS system for future experimental cultivation of
bivalves are thus promising.

The highest disadvantage of RAS cultivation of bivalves is the removal of
predefined feed concentration in the water column by the biofilter or the protein skimmer
(Kamermans et al 2016), used to maintain water quality. We found, in accordance to
earlier studies (Kamermans et al 2016), an influence of the installed biofilter on the
availability of microalgae inside the water column. However, the installed airlift biofilter
did not fully eliminate the microalgae. The number of countable microalgae fluctuated
instead, and it was not possible to keep the amount of algae feed inside an intended
range. Better performance was achieved by shutting down the airlift for two hours
directly after addition of the algae feed, as seen in relatively low variation coefficients.
This can be explained through the direct filter feeding activity of the mussels immediately
after feeding, reducing the amount of left over feed that subsequently can be filtered and
removed through the biofilter. The airlift had the advantage that this filter did not
completely retain the feed over 360 minutes, allowing a certain amount of algae to pass
through unharmed. After 360 minutes, the whole water body had been completely
filtered through the airlift filter for approximately 12 times (80 L h'!). Consequently, this
high filtration rate provided the required biological treatment for an adequate water
quality, without eliminating the feed given to the mussels.

We kept mean value concentrations of microalgae at 6.9x103 cells mL™* under
operating airlift and 10.9x103 cells mL' without the airlift. These values are in
accordance to the values determined by Riisgard et al (2011) for M. edulis filtration
capacity, over extended time periods, ranging between 5x103 and 8x103 (Rhodomonas
salina) cells mL™?, confirmed also by Pleissner et al (2013), who suggested values ranging
from 6x103 to 7x103 (R. salina) cells mL™. Based on these results, the applied feed input
during the present study was appropriate. An optimal feeding regime was also seen
through the absence of pseudo-faeces or shell closure, indicating adequate mussel
health, while the water quality was effectively maintained by the RAS. We herewith used
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two algae species, Tetraselmis suecica and Phaedactylum tricornutum. Aghzar et al
(2013) could not detect any nutritional differences for M. edulis between diets consisting
of the species P. tricornutum, T. suecica, Isochrysis galbana and Chaetoceros gracilis,
allowing the assumption that the nutritional value of our applied microalgae suspension
was appropriate for the M. edulis-like feeding. By choosing a feeding regime of once a
day during the first trial and twice per day during the second trial, enough feed was
theoretically provided to the mussels for 6 and 12 hours, respectively. Consequently, our
mussels were not overfed but kept on an adequate nutrient level during the run of the
experiments.

Similarly to Hiebenthal et al (2012), the CI continuously decreases from 4 to
25°C. Unfortunately no initial CI data and no exact final CI were given by the authors,
requiring interpretation of Figure 3. Hiebenthal et al (2012) found higher CI decreases
than the current study: -27% at 10°C, -36% at 15°C, -45% at 20°C, -54% at 25°C.
These results are directly comparable to our results, -14% (first trial) and -21% (second
trial) at 10°C, -45% (first trial) and -36% (second trial) at 20°C. We recorded stable CI
values (7.0 to 7.1) at 15°C, probably due to the effect of a lower initial CI (-61%) of the
studied cohort. The same pattern was observed at 25°C after one month.

The mussel size, between 13.3 and 26.5 mm (mean 19.0+2.23 SD), and the
genetics of the tested M. edulis specimens in the current study can be considered
comparable to the characteristics of the specimens from the research study of Hiebenthal
et al (2012), also originating from Kiel Fjord (southwestern Kiel Bight). The authors used
natural Baltic Sea water in their study and their experiments were conducted in smaller
containers (4 L) and at a stocking density of 12 individuals. We used artificial sea water
and our experiments were conducted in 40 L containers with 100 individuals. The water
quality parameters (N-metabolites) of the single static systems used by Hiebenthal et al
(2012) were not mentioned, being maintained by a twice a week water exchange of one-
eighth of the total water volume (0.5 L). Their natural sea water was not treated before
usage, supplying natural feed of undetermined amount. We therefore can state several
advantages of our experimental RAS. The water exchange of one-eighth of the water
volume equals a total exchange of 4,200 L over the entire experiment. Through the
installation of an airlift as biofilter, the maintenance and thus the human labor costs were
very low, and the system was running very stable without causing additional
interventions, mussels’ performances disturbance, or overall experimental results flaws.

We could demonstrate that the CI of the M. edulis increased at lower
temperatures (5°C), remained more stable at mid-range temperatures (10°C) and
decreased at higher temperatures (25°C), with this adverse effect already beginning at
20°C. The mussels showed best development of the CI under low temperatures, of 5°C.
This temperature implies a reduced metabolism in poikilothermic animals (Bayne 1976;
Vernberg & Vernberg 1969). The blue mussel-like physiology and feed conversion is
adapted to low temperatures. It is important to note that in Schulte (1975), the filtration
rates of M. edulis at 5°C were found reduced to very low values (350 mL h™!). This would
also lead to a reduced feed requirement in comparison to the mussels living at higher
water temperatures. According to Coulthard (1929) and Widdows (1973), the
temperature optimum for M. edulis was determined between 10 and 20°C, with a higher
feed uptake rate and possible growth rate, that would also increase the CI. Consequently,
the reduced filtration rate and feed uptake at low temperatures is even compensated by
a lower metabolic rate, resulting in a better development of the CI, compared with higher
temperatures.

The influence of the salinity upon the CI of M. edulis was studied at 10, 15 and 20
PSU, with better performance at 15 and 20 PSU. Studies about the effect of the salinity
upon the blue mussel physiology are scarce. Remane & Schlieper (1971) observed that
M. edulis showed reduced growth and total length at 4-5 PSU. Livingstone et al (1979)
found that a salinity of 20-30 PSU did not influence growth of M. edulis, whereas 15 PSU
resulted in reduced growth. Hiebenthal et al (2012) found no significant influence of
salinity (15, 25, 35 PSU) upon the CI of M. edulis. The findings of this study were not
significant, but had the same tendencies, showing a negative effect onto the mussel
physiology by lower salinities, with a decreasing CI below 10 PSU. Presumably the low
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salinity requires higher physiological costs through an increased energy demand for the
adaptation of the intracellular concentrations of ions and amino acids (Bayne & Newell
1983). The non-significant difference between 10 and 20 PSU might be an adaptation of
the M. edulis-like to the specific environmental conditions in the Western Baltic Sea,
where the salinity fluctuates within this range.

Conclusions. We conclude that our newly designed RAS enables long-time experiments
on the performance of M. edulis-like (Bivalvia) under constant water conditions. Through
inclusion of an airlift biofilter combined with no filter activity for 2 hours after addition of
microalgae feed, the system allowed adequate feeding of the bivalves while maintaining
stable and adequate water quality. Such experimental RAS allow studies of the bivalve
physiology and a better understanding of mussel growth performance in the field.
Another advantage is an experimental setup independently of the location of the
laboratory (far from the sea), not causing the risk of improper water characteristics
through the water exchange with natural sea water. The system enables reproducible
experiments with a minimum of surveillance and labor force.
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