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Abstract

Biofouling by opportunistic epiphytes is a major concern in seaweed aquaculture. Colonisation of fouling organisms contrib-
utes to a reduction in algal performance as well as a lower quality crop. Further, epiphyte removal techniques often increase
maintenance costs of cultivation systems. There have been a variety of methods to mitigate fouling in tank cultivations of
seaweed, including the use of biological controls. Here, we present the use of filter feeding bivalves, the blue mussel (Mytilus
edulis) and Pacific oyster (Magallana gigas), as a novel biofilter that also serves as a source of dissolved inorganic nitrogen in
tank cultivations of the sugar kelp, Saccharina latissima. We observed significant reductions of fouling epiphytes on seaweed
blades of around 50% by bivalve filtration, significant elevations of ammonium (NH4+) and phosphate (PO43_) by bivalves
and alterations to kelp tissue quality when co-cultivated with bivalves rather than supplied with ambient seawater. Stable
isotope ratios and seawater chlorophyll a concentrations provided evidence for bivalve biofiltration and the incorporation

of their by-products into kelp tissue.
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Introduction

The growth of epiphytic organisms on crops has long been a
problem in aquaculture (Diirr and Watson 2010). In seaweed
cultivation, the presence of fouling organisms impacts the
quality of the seaweed which, in severe cases, can render
a crop unfit for human consumption (Rolin et al., 2017).
Furthermore, fouling species can have strong negative
effects on the access of both light and nutrients to cultivated
seaweeds, thereby reducing their growth and tissue quality
(Veeragurunathan et al., 2015; Bannister et al., 2019), while
herbivorous fouling species can cause decreases in biomass
and crop yields (Buschmann et al., 2001). Epiphyte mitigation
techniques may result in increased maintenance costs (Kim
et al., 2017) and can be very labour intensive (Hurtado et al.,
2006). To mitigate biofouling in field cultivations, harvesting
is often conducted early in the year, before the spawning of
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fouling organisms, resulting in a shortened seaweed culture
period and yield (Park and Hwang 2012). Other biofouling
mitigation efforts have been made, such as deploying gear at
specific times to avoid coinciding with natural spawning of
biofouling species (Chopin et al., 2001) and moving gear to
more exposed areas to reduce epiphytic settlement (Peteiro
and Freire 2013). As an alternative or complement to field
cultivations, tank-based cultivation of seaweed has been
employed, where a higher level of control over environmental
factors can be achieved. However, the issue of biofouling is
also problematic in tank cultivation and has been addressed
by a number of studies. Methods to mitigate biofouling in tank
cultivations have included mechanical methods (Edding et al.,
1987; Lignell and Pedersén 1989; Pickering et al., 1993),
environmental manipulation (Rueness and Fredriksen 1989;
Friedlander 1992; Haglund 1994; Kim et al., 2017), chemical
control (Ugarte and Santelices 1992; Gledhill et al., 1998) and
biological control (Shacklock and Doyle 1983; Smit et al.,
2003). Despite a history of research utilising a wide array
of different methods, biofouling on seaweed crops remains
a significant problem. As summarised by Bannister et al.,
(2019), ‘Aquaculture may help feed the world into the future,
but biofouling stands out as a clear barrier that needs to be
overcome first’.
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Alongside biofouling pressure, nutrient limitation has
been identified as a second major issue in macroalgal culti-
vation (Wheeler and North 1981). In most natural environ-
ments, nitrogen (N) and phosphorus (P) have been identi-
fied as the macronutrients that most restrain algal growth
(Harrison and Hurd 2001). As such, the seasonal varia-
tion of this limiting factor has great influence on seaweed
yields (Handa et al., 2013; Peteiro and Freire 2013). Fur-
ther, the assimilation rate of ammonium, and therefore kelp
growth, is dependent on external nutrient concentration,
where the rate may be limiting in the case of low ambient
concentrations (Taylor and Rees 1999), but enhanced by
nutrient addition, such as by IMTA. In systems subject
to natural nitrogen dynamics, the marked decline in kelp
growth during spring and summer is due to declines in
ambient nitrogen availability and the depletion of internal
nitrogen stores after rapid growth (Chapman and Craigie
1977). In temperate areas, N and P generally peak during
autumn and winter, and are most depleted during spring
and summer (Harrison and Hurd 2001). Seaweed farmers
have no control over these seasonal variations in nutrients
but can apply various methods to manipulate local nutri-
ent conditions. One such method is to apply slow dissolv-
ing fertiliser within the farm to provide a relatively steady
source of nutrients (Ogawa and Fujita 1997; Dean 1998).
Another option is the employment of co-cultivation sys-
tems, whereby seaweed nutrient supply can be enhanced
by growing seaweeds in proximity to organisms that supply
high levels of these limiting nutrients, such as finfish cul-
tivations (Troell et al., 1997) or intensive bivalve cultiva-
tions (Ajjabi et al., 2018).

The clearance rate of intensive bivalve cultivations,
for example rafts of the blue mussel (Mytilus edulis), has
been reported to remove a large proportion, up to 80%, of
phytoplankton from the surrounding water (Petersen et al.,
2008; Cranford et al., 2014) as well as to have a total fil-
tration capacity of all particles of suitable size by up to
41% (Wildish and Miyares 1990). This depletion of phyto-
plankton by bivalve cultivations has been observed on the
scale of kilometres around farms (Grant et al., 2008). For
this reason, filter feeding bivalves are commonly employed
in integrated multi-trophic aquaculture (IMTA) systems in
efforts to capture excess particulate waste produced by fish
farms (Soto 2009).

However, while blue mussels and other filter feeding
bivalves have been implemented as extractive species, they
also produce their own metabolic wastes (Dame and Dankers
1988). Of which, the dissolved fraction is primarily in the form
of dissolved inorganic nitrogen (DIN), particularly ammonium
(NH,*), and dissolved inorganic phosphorus (DIP) in the form
of phosphate (PO43_) (Jansen 2012). This has been observed
in the natural environment, where large aggregations of wild
mussels have been identified as producers of DIN, elevating
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nitrogen concentrations locally around bivalve beds (Dame
et al., 1989; Aquilino et al., 2009). Similarly, elevated DIN
has been observed around commercial bivalve farms (Haines
1975; Langton et al., 1977; Mao et al., 2009), and often on the
scale of entire bays and enclosed water bodies where bivalve
aquaculture is intensive (Ajjabi et al., 2018). The local pro-
duction of DIN by bivalves, both farmed and wild, suggests
that there is potential for incorporation of seaweeds into and
around bivalve cultures to capitalise on this local nutrient load-
ing, as explored by Freitas et al., (2016). While the combined
cultivation of kelp and mussels has been tentatively explored
in open water; to date, no studies have examined potential for
this co-culture in tank cultivation.

The aim of this study was to investigate the effects of
integrated co-cultivation of a commercially important mac-
roalga, Saccharina latissima, and bivalves, Mytilus edulis
and Magallana gigas, in tank culture. We hypothesised that
the presence of bivalves would produce a biofiltration effect
resulting in a reduction in epiphytic fouling organisms on
seaweed tissues. We also hypothesised that the presence
of bivalves would significantly increase the DIN and DIP
concentrations within the cultivation system, resulting in
alterations to kelp growth and internal nutrient partitioning.

Methodology
Study organisms and growth measurements
Saccharina latissima

One-year-old adult sporophytes of Saccharina latissima
(n=180) were selected from high-density indoor tank cultiva-
tions at the Tjarno Marine Laboratory, based on a size range
(350-500 mm). This ensured that all kelps were of the same age
and in virtually identical condition. Saccharina latissima indi-
viduals were placed in experimental aquaria (n= 18 aquaria,
n=10 individuals per aquarium) 1 week prior to the addi-
tion of bivalves and commencement of the experiment. After
1 week of acclimation time to the experimental conditions,
measures of kelp size were taken: total length, width at widest
point and wet weight. Hole punches (5-mm diameter) were
made at 50 mm and 100 mm from the stipe-meristem junction
according to the method of Parke (1948) for quantification of
growth rate. These measures were used to calculate total elon-
gation, relative growth rate (RGR), and substantiality index
(SD) at the end of the experimental duration.

Total elongation(m") =L —-L,
RGR(mm day_l) =L -Ly/T
SI(mg mm=) = WW /L,xW,

where L, is the holepunch distance from stipe-meristem
junction at the beginning of the experiment, L, is the
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holepunch distance from stipe-meristem junction at the end
of the experiment, T is the number of days, WW is the wet
weight of the blade and W,is the width at the end of the
experiment.

Measures were repeated at weekly intervals for the
12-week experimental duration. Any epiphytes were dili-
gently removed at the end of the experiment, whereafter
the kelp individuals were frozen for subsequent analysis of
elemental composition. Prior to freezing, the individuals
were photographed to quantify epiphyte coverage. During
the experiment, we observed that some individuals started
to develop fertile tissue (sorus). To investigate possible treat-
ment effects on the development of sorus, all kelps were
visually assessed for the presence or absence of fertile sorus
tissue from photographs.

Mytilus edulis and Magallana gigas

Mytilus edulis and Magallana gigas were collected from
shallow, muddy embayments on Tjdrno and Salto (58° 52’
37.3" N, 11° 08’ 11.2" E) within a size range of 50-70 mm
and 70-90 mm (from umbone to longest point) respectively.
Replicates of 36 individuals (n=6 per treatment) were trans-
ferred into mesh bags, or ‘socks’, and hung inside experi-
mental pipes. Bivalve density was based on the filtration
capacity of the bivalves, where filtration rates of up to 2.7-3
L h™! have been observed in M. edulis (Lindahl et al., 2005;
Aure et al., 2007) and between 1 and 12 L h™' in M. gigas
(Troost 2010), with the assumption that all water, at a flow
speed of 90L h™!, would theoretically be filtered in each
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treatment pipe. Bivalve mortality was assessed at the end of
the experimental duration.

Experimental system

An outdoor, semi-enclosed flow-through mesocosm system
was designed (Fig. 1A —C). Unfiltered sub-surface water
(1.5 m depth) was pumped into a large, elevated header tank
with an overflow pipe located 2 m from the base. Overflow-
ing water ensured a constant volume in the header tank, and
thus a constant supply to the experimental tanks. Water was
supplied to 18 individual 1-m vertical pipes (n=18 total,
n=06 containing M. edulis, n=6 containing M. gigas, n=6
control (empty)) via gravity from the header tank at a rate
of 90-100 L h™!. Water flowed into the base of the bivalve
pipes through thin 4-mm aperture silicon tubing under pres-
sure produced by gravity from the elevated header tank. The
supplied water then flowed through the bivalves before flow-
ing from the tops of the pipes into aquaria (54 L) containing
ten individuals of S. latissima (n=18). Water overflowed
from the seaweed aquaria and out of the system. The entire
system (pipes and aquaria) was covered in hessian cloth to
reduce light intensity. Aquaria were aerated individually
and were cooled by external circulation of deep seawater
pumped from 40 m. Light (lumens) and temperature (°C)
were monitored in seaweed aquaria and bivalve pipes with
submersible loggers (‘HOBO’ temperature pendant logger,
Onset Comp. Corp., USA) at 30-min intervals for the dura-
tion of the experiment. The average temperature in kelp
aquaria across the experimental duration was 13.7+2.9 °C
while the mean light intensity during daylight hours was

Fig. 1 Photographs showing the experimental system: (A) elevated header tank supplying surface water to experimental system, (B) experimen-
tal system showing kelp aquaria and bivalve pipes, (C) experiment in progress
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218.4 + 380 lumens (mean + SD). The small amount of vari-
ation in water temperature indicates that the circulation of
cold, deep water around the experimental aquaria provided
a good buffer against temperature fluctuation.

Dissolved inorganic nitrogen and phosphorus

Water samples for DIN and DIP analysis were taken weekly
across a random subsample of bivalve pipes (n=6 per treat-
ment, n= 18 total) and their corresponding seaweed aquaria.
Thus, DIN and DIP were sampled before the bivalves, after
the bivalve treatment, and after the seaweed treatment.

Fifteen millilitre of water was collected from each point
and filtered through 45-pm Whatman GF/C filters using a
25-mL plastic syringe. The filter was then discarded and
water samples in vials were immediately frozen. Early sam-
ples were analysed using a SEAL QuAAtro analyser with
XY-3 sampler (SEAL analytical, Norderstedt, Germany) for
concentrations of nitrite (NO, "), nitrate (NO; ™), ammonium
(NH,*) and phosphate (PO43‘). However, early water sam-
ples only revealed production of NH,* but no significant ele-
vation of NO, or NO;™, as such NO,™ and NO;™ sampling
was reduced in later sampling weeks. DIN and DIP samples
represented a brief weekly snapshot rather than a continuous
measure. As such, weekly data was pooled and treated as a
mean value of the 12-week experimental duration.

Chlorophyll a

Chlorophyll a concentration in seawater after bivalve treat-
ments was sampled weekly as a measure of phytoplank-
ton abundance and filtration by bivalves. 0.5 L of bivalve
outflow water was randomly sampled (n=06 per treatment,
n=18 total). Water was filtered through 45-pm Whatman
GF/C filters using a pressure-assisted filter array. The filtrate
was discarded and the filter was ground, placed in 15-mL
Falcon tubes with 10 mL acetone (90%), vigorously vor-
texed, and refrigerated at 5° C for 24 h for extraction of
chlorophyll a. The tubes were vortexed again followed by
centrifugation at 3000 rpm for 10 min. Sample absorption
was measured at 665 and 750 nm, with 90% acetone as a
blank. Chlorophyll a content was calculated as described
by Boyd (1979):

Chlorophyll a (ug L") = 11.9 (Ages — As9) V/L/S

where Ay is the absorbance at 665 nm, A5, is the absorb-
ance at 750 nm, V is the volume of acetone (mL), L is the
volume of water sample filtered (mL) and S is the length of
light path (cm).

As with the case of DIN and DIP, chlorophyll a samples
represent a brief weekly snapshot of phytoplankton presence
and filtration by bivalves rather than a continuous measure.
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As such, weekly data was pooled and treated as a mean value
of the 12-week experimental duration.

Epiphyte coverage

At the endpoint of the experiment, all kelp individuals were
photographed (Canon D1100) against a light board. The area
between the two holepunches was chosen as the area for the
epiphyte counts, since this tissue was known to be the same
age in all individuals, and to have had the same exposure to
the experimental conditions. Moreover, this apical region
has been identified as the portion of the kelp thallus that is
most susceptible to epiphyte colonisation (Ballantine 1979).
A maximal area (cm?) between the punches was calculated
using Imagel software, and all epiphytes within the area
were counted manually for half of the seaweeds (n=5 per
treatment, n =90 total). The prevalence of epiphytes was

calculated as number cm™2.

Kelp elemental analysis

At the end of the experiment, seaweed individuals were
frozen, freeze-dried and ground into a fine powder. A ran-
dom subsample of kelps (n=35 per aquarium) were selected
for elemental analysis via isotope radio mass spectrometry
(EA-IRMS). Ten milligramme of ground kelp tissue was
weighed into tin capsules for analysis. The five subsamples
per aquarium were then calculated as a mean for each true
replicate (n=6 per treatment, n=12 total). Carbon and
nitrogen contents were investigated to explore how shifts
in nitrogen regime may alter kelp composition, while stable
isotope ratios were measured to explore to what extent kelps
in either treatment were utilising different nitrogen pools.
Carbon and nitrogen contents and stable isotope values were
quantified with an elemental analyser (ANCA-GSL, Sercon
Ltd., UK) coupled to an isotope ratio mass spectrometer
(20-22, Sercon Ltd., UK).

Statistical analysis

Analysis was undertaken by one-way ANOVA using the
linear model function in R-Studio. To test for a nutrient
filtration effect by S. latissima, paired t-tests between
bivalve outflow water and S. latissima outflow water were
performed for each of the four nutrients at each of the
three treatment levels, M. edulis, M. gigas and control.
Data were examined for homogeneity of variance prior to
analysis and chlorophyll a as well as nutrient data were log
transformed prior to statistical testing. Significant interac-
tions in the one-way ANOVA were further examined by
Student-Neuman-Keuls (SNK) stepwise differences tests.
Figures were produced in R-Studio using the ‘ggplot2’
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package. Sorus formation based on count data was ana-
lysed using Kruskal-Wallis rank-sum test followed by
group comparisons using the Dunn test.

Results
Dissolved nitrogen and phosphate

NO,™ levels were consistently low in control pipes sup-
plied with ambient seawater, 0.13+0.007 pM (mean + SE),
but were significantly enhanced in M. edulis pipes,
0.26 £0.09 pM (mean + SE), whereas NO,™ levels in M.
gigas and control pipes did not significantly differ (Table 1;
Fig. 2A). There was no detectable reduction in nitrite levels
in outflow from seaweed aquaria in M. edulis treatments
(t=1.27,df=5,P=0.26) or in M. gigas treatments (t=2.49,
df=5, P=0.055). However, in control tanks, S. latissima
significantly reduced NO,™ levels from 0.13 +0.007 to
0.10+0.015 pM (mean + SE) (t=2.86, df=5, P=0.035)
(Table 1, Fig. 2A).

NO;™ levels, 0.96 +0.07 pM (mean + SE), were not seen
to vary from ambient seawater inflow across any stage of the
experimental system nor between the bivalve and seaweed
stages of control treatments (t=0.110, df=5, P=0.92), M.
gigas treatments (t= —0.279, df =5, P=0.79), or M. edulis
treatments (t=0.187, df=5, P=0.86) (Table 1, Fig. 2B).

Both blue mussels and oysters significantly enhanced
ammonium levels in comparison to control treatments,
from 4.4+0.18 to 5.5+ 0.16 pM (mean + SE) for blue mus-
sels and 4.9 +0.12 uM for oysters. Thus, blue mussels and
oysters provided a 12-week experimental average elevation
of 1.1 uM and 0.99 pM, respectively. The greatest weekly
elevation of NH,* was observed for blue mussels (9.93 pM
compared to 3.83 pM in controls), whereas the weekly eleva-
tion by oysters was generally lower (9.03 pM maximum).
NH," levels were significantly reduced by S. latissima across
all treatments (control: t=9.083, df =5, P=0.0003; M.
gigas: t=19.188, df =5, P<0.001; M. edulis: t=38.0528,
df=5,P<0.001) (Fig. 2C).

Phosphate levels were significantly enriched by both
bivalve treatments from ambient levels of 0.64 +0.11 pM
in controls to 0.72+0.12 pM in M. gigas and 0.73 £0.14 pM
in M. edulis treatments (Table 1, Fig. 2D). Phosphate lev-
els were significantly reduced in S. latissima outflow in all
treatments, control (t=9.893, df=5, P<0.001), M. gigas
(t=19.703, df =5, P<0.001) and M. edulis (t=8.193, df =5,
P<0.001).

Due to errors in sampling, weeks 8 and 12 were not
included in calculations of means during nutrient analysis.
Bivalve mortality was seen to be zero after assessment at the
end of the experiment.

Table 1 Results of 1-way ANOVA tests to examine variability in (a)
nitrite levels, (b) nitrate levels, (c) ammonium levels, (d) phosphate
levels, (e) kelp tissue nitrogen, (f) kelp C:N ratio, (g) kelp 8'°N con-
tent, (h) epiphyte abundance, (i) kelp relative growth rate, (j) total
elongation, (k) kelp substantiality index and (1) chlorophyll a levels.
Where significant effects were identified by ANOVA, Student-New-
man—Keuls (SNK) post hoc tests were used to test pairwise differ-
ences

Source of variation df MS F P

(a) Nitrite
Treatment 2 0.52437
Residual 15 0.09994

Pairwise comparison (SNK): M. edulis > Control, M. gigas=Con-
trol, M. edulis=M. gigas

5.247 0.01872

(b) Nitrate

Treatment 2 0.012601 1.0162 0.3856
Residual 15 0.012399

(c) Ammonium

Treatment 2 0.072133 17.329 <0.001
Residual 15 0.004163

Pairwise comparison (SNK): M. edulis > Control, M. gigas> Con-
trol, M. edulis=M. gigas

(d) Phosphate
Treatment 2 0.0300029
Residual 15 0.0018572

Pairwise comparison (SNK): M. edulis > Control, M. gigas> Con-
trol, M. edulis=M. gigas

16.154 <0.001

(e) Kelp tissue nitrogen
Treatment 2 0.121554
Residual 15 0.009939

Pairwise comparison (SNK): M. edulis > Control, M. gigas=Con-
trol, M. edulis=M. gigas

(f) Kelp C:N ratio

Treatment 2 0.5881

Residual 15 0.10196

Pairwise comparison (SNK): Control > M. edulis, Control =M.
gigas, M. edulis=M. gigas

(2) Kelp 8'°N content

Treatment 2 4.6391

Residual 15 0.8217

Pairwise comparison (SNK): Control > M. edulis, Control > M.
gigas, M. edulis=M. gigas

12.229 <0.001

5.7687

0.0137

5.6458 0.0147

(h) Epiphyte count
Treatment 2 18.0469 16.492 <0.001
Residual 15 1.0943

Pairwise comparison (SNK): Control > M. edulis, Control > M.
gigas, M. edulis=M. gigas
(i) Relative growth rate

Treatment 2 0.013935 2.1155 0.1415
Residual 15 0.0065871

(j) Elongation

Treatment 2 2070.47 2.2338 0.1551
Residual 15 926.87

(k) Substantiality index
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Table 1 (continued)

Source of variation df MS F P
Treatment 2 0.20015 0.9478 0.4096
Residual 15 0.21117

(1) Chlorophyll a

Treatment 2 205.3 10.777 <0.001
Residual 176 19.05

Pairwise comparison (SNK): Control > M. edulis, Control > M.
gigas, M. gigas=M. edulis

Chlorophyll a

Both M. edulis and M. gigas significantly reduced chlo-
rophyll a levels in inflowing water in comparison to con-
trol treatments (Table 1, Fig. 3). While M. edulis reduced
chlorophyll a levels by 66.6% and M. gigas reduced chlo-
rophyll a by 33.9%, there was no statistically significant
difference between bivalve species. While there is trend of
stronger biofiltration in M. edulis than in M. gigas, there
was a high level of variance between the species prior to
log transformation.

Epiphyte coverage

Epiphytes, primarily colonial benthic diatoms and to a lesser
extent filamentous algae, were present on all individuals
of S. latissima, but were not identified to a species level.
Counts only include epiphytes that were visible to the naked
eye and detectable using image analysis software. As such,
coverage of microscopic epiphytes was not assessed. A sig-
nificant difference in epiphyte coverage between treatments
was detected by ANOVA (Table 1). Both M. edulis- and M.
gigas-treated seaweeds had fewer epiphytes (4.2 +0.45 and
3.8 +£0.57 respectively) than control seaweeds (6.96 +0.75)
(individual epiphytes cm~2 + SE); however, no difference in
epiphyte coverage between bivalve treatments was detected
(Table 1, Fig. 4).

S. latissima growth and fertile tissue

There was no significant variation in total elongation, relative
growth rate (RGR) or substantiality indices (SI) across treat-
ments (Table 1, Supplementary Fig. 1), with a mean total
growth of 327.6 + 15 mm, RGR of 5.88 +0.04 mm day_1 and
an SI of 3.9+0.19 g wet weight cm™2, in control treatments.

Fig.2 Concentrations (M) of 1.6
(A) nitrite (NO,), (B) nitrate 0.5 . NS . NS
(NOy), (C) ammonium (NH, %), NS NS
and (D) phosphate (PO,) in the S i3 NS
experimental system. Light grey 044 - B A A
bars indicate concentrations s — A
after bivalve pipes, capital let- %_ s E_ E3 _I_ _I—
ters indicate significance across b © 0.81
.. o) Q
the group. Dark grey bars indi- = [
cate concen.trauon's after'sez}- = 0.21 A =
weed aquaria. Whiskers indicate A
significance level of filtration of 0.41
nutrient levels between stages. 0.11
Error bars indicate SE, n=5
0.0 T T T T T T
Control Oyster Mussel Control Oyster Mussel Control Oyster Mussel Control Oyster Mussel
Treatment Treatment
*%
Fkk
e 1.00 1 *kk
7.5
o~ *k
= — i B B
= g B SO A = B
= A E3 2 -
£ 5.0 e o
2 ©
c Kl < 0.501
(o) Q.
£ 8
£ £
< 251 o
0.251
0.0 0.00

Cor'\trol Oylster Mulssel Control Oyster Mussel
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Chlorophyll a (mg L")
H

Control Oyster Mussel

Treatment

Fig.3 Chlorophyll a concentration in terms of mg (dry weight) L™
after the bivalve stage of the experiment. Control treatment indicates
ambient seawater untreated by bivalves. Letters indicate significance
across treatments. Error bars indicate SE, n=59
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Fig.4 Epiphyte abundance in terms of number of individual epi-
phytes per cm? on apical sections of . latissima. Letters indicate sig-
nificance across treatments. Error bars indicate SE, n=5

The production of fertile S. latissima tissue was enhanced
in bivalve treatments compared to controls (H=38.8, df =2,
P=0.01), with an average of 2.3 +0.5 individuals having
fertile sorus tissue in control treatments compared to 4.5 + 1
and 6+0.4 in oyster and mussel treatments respectively
(Fig. 5). There was no significant difference in sorus forma-
tion between oyster and mussel treatments. Fertile tissue
was not present in any individuals at the commencement of
the experiment.

Elemental analysis

The significant nutrient elevations provided by bivalves
drove changes in S. latissima tissue content (Table 1, Fig. 6).
There was an increase in tissue nitrogen of S. latissima from
M. edulis treatments; however, this was not seen in kelp in
co-cultivation with M. gigas despite significant elevations
in ammonium detected in this treatment (Fig. 2A). Concur-
rently, shifts in C:N ratio were seen in S. latissima from M.
edulis treatments, driven by the increase in tissue nitrogen.
In this case, C:N values were reduced in kelps from M. edulis
treatments compared to both M. gigas and control treatments
(Table 1, Fig. 6B). Lastly, variations in nitrogen stable iso-
tope ratios of kelp tissue were detected across treatments.
Both M. edulis- and M. gigas-treated kelps had significantly
lower 8"°N values than control seaweeds, 3.45 %o and 3.34
%o compared to 4.96 %o, respectively (Table 1, Fig. 6C),
indicating an increase in kelp use of ' N originating from

Fertile individuals / treatment
H

Control

Mussel

Oyster
Treatment

Fig.5 Number of fertile S. latissima individuals in each treatment
at the end of the experimental duration. Letters indicate significance
across treatments. Error bars indicate SE, n=5
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Fig.6 S. latissima elemental 41
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bivalve effluent. Such variation in 8'°N between treatments
indicates the use of different pools of nitrogen by S. latissima
between bivalve and control treatments, where the nitrogen
originating from bivalve metabolism was isotopically dis-
tinct from the nitrogen in ambient seawater.

Discussion

Epiphytism is a major problem in seaweed aquaculture,
reducing seaweed quality and causing reductions in yields
(Vairappan et al., 2008; Park and Hwang 2012). Here, we
report a reduction in epiphyte abundance of more than 50%
on kelp tissue using filter feeding bivalves as biofilters
in a tank-based cultivation system. Moreover, a positive

@ Springer

fertilisation effect of bivalves was seen, where kelps were
significantly richer in tissue nitrogen when co-cultivated
with M. edulis rather than when cultivated alone, with a
tendency for the same trend in treatments with M. gigas.
This was most likely due to the enhancement of DIN, pri-
marily ammonium, by the bivalves which was utilised by S.
latissima. This assertion is supported by the depleted 8'°N
values in co-cultivated kelp, indicating uptake of DIN origi-
nating from bivalves.

Increased nutrient concentrations are usually assumed
to result in higher abundances of epiphytes on seaweeds in
natural ecosystems (e.g. Ronnberg et al., 1992), particularly
opportunistic epiphytic algae on naturally growing fucoid
algae around fish farms. In a study of epiphytism on S. latissima
and Undaria pinnatifida in Spain, it was suggested that the
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nutrient enrichment by mussel farms may increase the preva-
lence of epiphytes (Peteiro and Freire 2013). Our results
rather indicate a bivalve-driven decline in epiphyte coverage
despite elevated nutrient concentrations. The reduction in
epiphytes due to bivalve filtration suggests that a controlled
co-cultivation, such as a tank-based culture, with mussels
may actually contribute to the diminishment of epiphytism
on cultivated kelp blades. However, the extent to which these
biofouling dynamics may carry over into the field remains
to be seen. The implication that the decline in epiphyte
coverage is a result of bivalve filtration is supported by the
drastic reduction in chlorophyll a in seawater seen after
bivalve treatment in comparison to ambient levels from the
controls. While removal of other particles such as spores
and larvae by the bivalves was not directly investigated, the
clearance of chlorophyll a suggests a strong biofiltration
capacity of the bivalves in our experiment. The biofiltra-
tion capacity of Mytilis sp. is well documented as having a
wide size range, from 4 to 1000 um (Davenport et al., 2000;
Nielsen and Maar 2007), as well as a high filtration capacity
(Mghlenberg and Riisgard 1978; Petersen et al., 2008). As
such, the strong reduction of chlorophyll a in this experi-
ment may also indicate the reduction of larger particles,
such as larval stages of potential biofouling species. The
clearance rates seen in the experiment (66.6% and 33.9% for
mussels and oysters, respectively) fall short of the maximal
80% previously reported (Petersen et al., 2008). Still, these
values represent a major reduction in phytoplankton passing
through to seaweed tanks, and apparently drove a reduction
in epiphyte coverage by benthic diatoms on kelp blades. In
a recent review paper (Bannister et al., 2019) summarising
the impacts and current mitigation techniques for biofoul-
ing in aquaculture biological, several means of controlling
epiphytes were considered; however, to our knowledge, the
utilisation of filter feeding bivalves as biofilters in aquacul-
ture has to date not been explored.

Despite the significant increases in bioavailable DIN and
DIP provided by bivalve treatments, we did not observe
any significant alterations to S. latissima growth. This is
contrary to the body of literature describing kelp growth
dynamics when implemented in an IMTA system, where
kelps are frequently seen to increase in growth. For example,
in an IMTA system where S. latissima was grown alongside
salmon farms in Canada, kelp growth was increased by 46%
(Chopin and Bastarache 2004). However, it is difficult to
draw direct comparisons between the kelp growth in our sys-
tem and an intensive finfish cultivation, as nitrogen effluents
from fish farms can be great. In our study, the mean ammo-
nium elevation by M. edulis treatments was 1.1 pM and the
maximum observed elevation was 6.1 pM above ambient
levels, whereas finfish cultivations have been seen to elevate
ammonium by as much as 34 pM (Ahn et al., 1998). The
absence of an increased growth rate in kelps co-cultivated

with bivalves in our study, despite significant ammonium
elevations, may indicate that ambient nitrogen levels in con-
trol treatments were sufficiently high and were not limiting
for kelp growth. Although we did not detect variation in
kelp growth, we did observe small but significant alterations
to the elemental composition of S. latissima across treat-
ments, as well as a concurrent decline in C:N. However,
our observed increases in tissue nitrogen of 0.2% fall short
of the 1% increase observed by Handa et al., (2013), but
once again, drawing parallels between our cultivation system
and a field-sized cultivation may be unreasonable. While
observed increases in tissue nitrogen can be small, they
result in greater alterations in protein content. For exam-
ple, a nitrogen-to-protein conversion factor of 4.37 has been
presented for S. latissima (Biancarosa et al., 2017), which
implies a 13.6% protein content of kelps grown in combi-
nation with M. edulis in our study, compared to 12.2% in
control treatments.

The findings with regard to dissolved nutrient produc-
tion by the bivalves in our system are largely supported by
the body of literature to date. Nutrient elevation by filter
feeding bivalves in both natural and cultivation settings has
been widely reported (Dame 1993; Newell 2004; Jansen
etal., 2011). In our study, a relatively small aggregation, 32
individuals, was seen to significantly enhanced DIN over
a 12-week period. As expected, ammonium was the most
elevated nitrogen species by bivalves. Since the conver-
sion of ammonium to nitrite and nitrate is bacterially medi-
ated (Ward 1996), it is unlikely that nitrification occurred
within our system due to rapid flowrates and flushing of the
system. As such, detected levels of nitrite and nitrate most
likely originated from ambient seawater. We also detected
minor but statistically significant elevations of DIP by both
bivalve species in our system. DIP concentrations have been
seen to be enhanced by up to 5% by M. edulis (compared to
20% DIN enhancement) during the summer (Jansen et al.,
2011); however, in our study, we observed a 13.8% increase
in phosphate in M. edulis effluents in comparison to control
treatments.

The significant reduction of ammonium between bivalve
and seaweed tanks as well as the lack of uptake of nitrate
by S. latissima, despite consistent bioavailable concentra-
tions, suggests a preference of ammonium as a nitrogen
source. Previously, S. latissima has been reported to display
simultaneous uptake of both nitrate and ammonium when
both forms are supplied (Harrison et al., 1986). In our study,
ammonium was available on average at a fivefold higher
concentration than nitrate, which suggests a sufficient supply
of nitrogen was available as ammonium.

Interestingly, by taking the mean NH,* and PO43_ concen-
trations from mussel treatments (5.5 and 0.73 pM, respec-
tively) and subtracting the concurrent NH,+ and PO,>~ con-
centrations after nutrient uptake by the seaweeds (3.7 and
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0.60 uM, respectively) to obtain a rough estimate of seaweed
nutrient uptake, we find an N:P uptake ratio of 15:1. This
value falls within the range of values reported for the N:P
for other kelps (Atkinson and Smith 1983), as well as close
to the original N:P value reported by Redfield (1958) of
16:1. The lack of deviance from previously reported values
for optimal N:P values indicates that kelps were limited by
neither NH,* nor PO,*~ in mussel treatments. However, in
the case of the control treatment, an uptake N:P of 13.53 was
seen, indicating that nitrogen availability was sub-optimum
in control treatments. Thus, it appears that the slight NH,*
enrichment provided by M. edulis gives a fertilisation effect
upon the kelp, resulting in increases of stored nitrogen in
kelps, via a more optimal DIN:DIP availability.

This differential bioavailability of DIN due to bivalve
NH,* release and its concurrent assimilation into kelp tissue
is visible through the stable isotope data. The more depleted
815N values in seaweed supplied with effluent from M. edulis
and M. gigas in comparison to control kelps indicates dis-
tinct DIN pool use between bivalve and control groups. In
this case, it appears that the ambient seawater was enriched
in 8'°N, whereas the effluents from bivalves were relatively
depleted. The preferential use of more depleted 5'°N sub-
strates by organisms is a core concept in stable isotope ecol-
ogy (Fry 2006). In this study, it appears the bivalve effluent
was less enriched in heavy nitrogen and therefore was pref-
erentially used over the ‘heavier’” NH,* in ambient water.

Finally, and beyond the scope of our expectations, we
observed the earlier development of fertile tissue in S. latissima
individuals co-cultured with bivalves. Previously, it has been
suggested that sorus formation in S. latissima is based on
photoperiod, stimulated by short day lengths (Liining and
Freshwater 1988). Such short days were the case at the
end of our experiment in early November; however, it is
likely that the disparity in sorus formation seen across our
treatments is due to DIN availability. Sorus formation has
been seen to be delayed in S. latissima due to insufficient
levels of tissue nitrogen (Nimura et al., 2002). Based on
our rough estimates of N:P uptake across our treatments,
it appears the kelps in control treatments displayed sub-
optimal N:P dynamics, which may contribute to explaining
the observed phenomenon of differential sorus formation
across treatments.

To conclude, our research describes a multi-trophic aqua-
culture system in which filter feeding bivalves confer a bio-
filtration and fertilisation effect upon our target species for
cultivation, Saccharina latissima, in tank culture. By design-
ing a system in which all seawater provided to S. latissima was
available for filtration by bivalves, we observed enhanced
dissolved inorganic nitrogen and a reduction in chlorophyll
a after the bivalve stage, and a decline in seaweed biofoul-
ing as well as enhanced biomass value due to alterations
in elemental tissue composition. These valuable alterations
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were achieved without the use of mechanical filters or exter-
nally supplied nutrients. While we observed strong fertilisa-
tion and biofiltration effects in mesocosm, the potential for
integrating filter feeding bivalve and macroalgal cultivation
in field scale cultivations remains largely unexplored. Inte-
grating these species in open sea cultivations will introduce
factors such as local hydrodynamics and nutrient attenua-
tion which may dampen or accentuate the trends observed
in this study.
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