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Abstract Several seaweed species have been successfully
tested for their biofilter potential for integrated multi-trophic
aquaculture (IMTA). In this study, Saccharina latissima bio-
remediation potential was assessed over 12 months with re-
spect to the yield, phosphorous (P) and nitrogen (N) content
and removal. The experiment took place at two commercial
cultivation areas: in close proximity to a blue mussel and fish
farm (IMTA) and at a reference site, both situated outside
Horsens Fjord in Denmark. The maximum biomass yield over
the first growing season was achieved in August (1.08+0.09
and 1.51£0.13 kg fresh weight (FW) m ') and September
(0.92+0.18 and 1.49+0.16 kg FW m ). Yield was signifi-
cantly higher at the IMTA compared to the reference site in
August (P<0.05). A second growing season did not improve
biofiltration efficiency. The highest N and P removal was
achieved in August and September. Again, the IMTA location
showed better N and P removal compared with the reference
site in August: 5.02-7.02 g N and 0.86-1.23 g P m ' of
cultivation line (P<0.05). S. latissima shows potential for
assimilation and removal of nutrients, particularly nitrogen.
Seasonal variations of seaweed biofilter efficiency, condition,
and potential applications should be taken into account when
evaluating the best suited harvest time. For Horsens Fjord, our
results showed that the harvest time should take place in
August—September in order to achieve maximum biofiltration
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efficiency (including N and P in epiphytes). However, for
human consumption, it is better to harvest in May when the
seaweed is free of epiphytes.
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Introduction

While the world’s food fish supply from aquaculture has
reached a new historic maximum, supplying 47 % of total
fish consumed in 2010 (FAO 2012), there is rising social and
political concern regarding the environmental impact of inten-
sive monoculture production systems (e.g., finfish and
shrimp). Salmon aquaculture releases around 62—63 % of feed
nitrogen (N) and 70 % of feed phosphorous (P) into the
environment in Norway (Olsen et al. 2008; Wang et al.
2012). According to Danish legislation, trout aquaculture is
allowed to release around 60 % feed N and feed P (Olsen et al.
2008). Dissolved inorganic nutrients account for approximate-
ly 45 and 18 % of total released N and P, respectively (Wang
et al. 2012), which are directly available for algae and may
contribute to eutrophication (e.g., Nixon 1995; Skogen et al.
2009).

Seacage culture in Denmark is limited by an emission
quota of P and in particular N, due to environmental concerns.
This has been a major factor limiting the development of
Danish aquaculture industry, whose production of fish has
been capped for 20 years since 1987 (Holdt and Edwards
2014). However, fish production (350 t Ny ") only contrib-
utes to less than 1 % of the total N contribution of the inner
Danish waters (43,000 t N y ') to the Baltic Sea (652,000 t N
y '; HELCOM 2012). Integrated multi-trophic aquaculture
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(IMTA) has been proposed as a sustainable ecological ap-
proach for mitigation of the nutrient load into the aquatic
environment. In such production systems, organisms from
different trophic levels are co-produced, and waste nutrients
from fed species are assimilated and converted into valuable
biomass by the extractive species, providing environmental
and potentially economic benefits compared with fed only
aquaculture (see reviews by Neori et al. 2004; Chopin et al.
2012). Several studies have investigated the bioremediation
potential of different seaweed species in IMTA (e.g., Chopin
et al. 2001; Troell et al. 2003; Neori et al. 2004; Matos et al.
2006; Rodrigueza and Montafio 2007; Abreu et al. 2009,
2011; Mata et al. 2010). Of the brown seaweeds, the genus
Laminaria sensu lato (Laminaria and Saccharina) is one of
the most studied, selected on its high bioremediation potential,
growth rate, and commercial application (Sanderson et al.
2012; Reid et al. 2013; Handa et al. 2013).

The potential for application of seaweed very much de-
pends on the condition and content of the harvested biomass.
This also includes the occurrence of heavy epiphytic fouling
in summer, which has been associated with reduced growth
and increased mortality of Saccharina latissima in Norway
(Andersen et al. 2011; Handa et al. 2013), and is also an
important factor to consider for scaled up/commercial culti-
vation of the species, especially with regard to bioremediation
potential and application of the fouled biomass. In addition,
the chemical composition of seaweeds varies throughout the
year as a result of changes in environmental conditions (e.g.,
Ito and Hori 1989; Fleurence 1999; Holdt and Kraan 2011).
Indeed, seaweeds have the ability to integrate over temporal
environmental nutrient variations (Troell et al. 1997; Chopin
et al. 2001). Increased nitrogen content has been reported in
seaweed cultivated near salmon farms compared to those
cultivated at reference sites away from nutrient emissions of
aquaculture activities (Chopin et al. 2000; Abreu et al. 2009;
Sanderson et al. 2012) even in locations with high N dilution
(Buschmann et al. 2008a). The benefits of seaweed cultivation
in close vicinity to fish farms may be particularly interesting
during late spring and summer, when the ambient nitrate is
often limited/depleted (Paasche and Erga 1988; Frette et al.
2004). Higher growth rates were found in S. latissima sporo-
phytes cultivated close by salmon farm cages compared to
those at a reference station (Handa et al. 2013); however,
absence of data on the biomass yield limits the evaluation of
the biofilter efficacy. Sanderson et al. (2012) reported in-
creased biomass yield and N content in S. latissima cultivated
in the vicinity to fish farm cages, but seasonality of these
parameters was not assessed. Harvest time is predicted to have
an effect on epiphytic coverage, N and P content, biomass
yield, and thus biofiltration potential of S. /atissima.

In this study, S. latissima bioremediation potential was
monitored over 12 months in a commercial off-coast IMTA
and a reference site. Monitoring focused on the yield, P and N
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content, and total assimilation (removal when biomass har-
vested) of the produced biomass (also including epiphytes).
Furthermore, the seaweed biomass composition (N and P),
yield, and the bioremediation potential of the two locations
were compared and evaluated in conjunction with environ-
mental data from each site. The best harvest time(s) was
evaluated on basis of the highest bioremediation, best
quality/condition of the seaweed and with respect to the
potential application of the seaweed biomass.

Material and methods

Experimental location The experiment was run in two com-
mercial cultivation areas by Hjarne Havbrug A/S outside but
in vicinity of Horsens Fjord, in the inner Danish waters. The
IMTA site was located in the area As Vig (55° 47.529" N, 10°
03.027" E) approximately 100 m from a blue mussel
SmartFarm™ (35 tubes including nets) and 500 m from rain-
bow trout (Oncorhynchus mykiss) farm cages (175 t year ';
Fig. 1). The reference site (REF) was established in a 100-ha
seaweed cultivation area (55° 49.045' N, 10° 06.824 E) located
at approximately 2,000 m from the same fish farm cages. This
area is expected to be out of range of the nutrient load from the
mussel and fish farms. Both locations commercially produce
S. latissima, where 7 and 90 km of S. latissima cultivation lines
were deployed at, respectively, IMTA and REF site during
2011-2013. The seaweed farms consist of longlines, each one
containing approximately 200 seeded droppers (4 m in length,
1 m apart), keeping a distance of 8—10 m between longlines.
Longlines ware buoyed at a depth of 1 m using buoys placed
every 8—10 m of longline, and sinkers ware tied in the end of
each dropper (seeded line) in order to keep it strait. Both ends of
the longlines were tied to heavy anchors keeping the longlines
stretched in a horizontal position. One longline was selected for
the monitoring in this study (see below). The rainbow trout
grow out season in the sea is from April to May to October to
December. Mussel natural settlement occurs from spring to late
summer, and harvest time is in the autumn (Hjarne Havbrug
A/S, P. Schmedes, personal communication).

Seeded line production Cultivation lines with S. latissima
seedlings were produced at the commercial hatchery
Seaweed Energy Solution (former Seaweed Seed Supply
A/S). The seedlings were produced through conventional
breeding technique, using spores released from large repro-
ducers collected from the Horsens Fjord, Denmark.
Sporogenesis was induced by application of a short day pho-
toperiod (Pang and Liining 2004). The spore solution was
evenly distributed in tanks with the collectors, and spores
were allowed to attach to the cultivation lines (6 mm diameter
polypropylene). Further developed seedlings were grown up
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a

Horsens fjord

Fig.1 a The location of Horsens Fjord in Denmark. b The location of the
experimental area (square) outside Horsens Fjord, and the recently
permitted fish farm south of Endelave island (circle). ¢ Modeled surface
ammonium concentration (mg L™'; fish production season, April-
November) around the fish farm cages and the location of the two

to approximately 3 mm (around 6 weeks) before deployment
at sea.

Deployment of experimental lines Out of the 90-km commer-
cially cultivated seaweed lines at the REF site, a longline, with
200 droppers from the same batch deployed in 15 January 2013,
was selected and tagged to be used for further monitoring. On
the 21 May 2013 (i.e., just prior to the start of the experiment),
64 droppers from this selected longline were randomly chosen
and moved from the REF site to a new longline at the IMTA site
shortly after the fish has been stocked in the farm cages.

Monitoring Sporophyte density (seedlings m™' line) on the
droppers (cultivation lines) at both cultivation sites was mea-
sured 20 days after deployment at the IMTA site (June), by
counting all the plants growing on the first meter of the
cultivation line (»=3). The cultivated biomass was sampled
monthly at both experimental sites, throughout the experimen-
tal period (May 2013—May 2014), to determine the biomass
production and chemical composition and the sporophyte
length and weight. In each sampling, three droppers were
randomly selected (triplicates) and the biomass growing in
the first meter (approximately 1-2 m depth) harvested and
weighed. The biomass yield was determined as the harvested
biomass, in fresh weight basis (FW), per linear meter of
cultivation line. At least 10 individuals were randomly select-
ed from each one of the droppers (triplicates), and individual
thallus length and weight (FW) were measured. The specific
growth rate was determined by the formula: SGR (day ')=Ln
(FW)—Ln (IW)/T, where FW = final weight, /W = initial
weight, and T = days in culture. Visible epiphytes were
removed prior to measurements and analyses. All col-
lected samples were kept frozen until chemical analysis.

Environmental conditions A three-dimensional model was
applied to describe and assess the environmental impacts in
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seaweed cultivation areas. The /ines represent the cultivation ropes of
seaweed in the reference site and seaweed and mussels at the IMTA site,
southwest of the fish cages (circles); however, they are not correct in
proportion or number. The environmental monitoring station (st. 6883)
was providing data for modeling

connection to rainbow trout (O. mykiss) farms in the inner
Danish waters. The model is based on the general modeling
system MIKE 3 developed by the company DHI (Denmark)
and defines the central environmental concerns regarding
water quality and organic waste, with a flexible and fine mesh
polygon system around the fish farm site, where in each
polygon, the environmental parameters are examined. The
MIKE 3 model has been used for both the hydrodynamic
and ecological models.

Data entered into the hydrodynamic model include wind
speed (10 m above sea level), atmospheric pressure, air tem-
perature, incoming solar radiation, water levels, and water
temperature and salinity at the model boundaries together with
freshwater inflow from riverine sources. Furthermore, the
boundary concentrations for relevant pelagic state variables,
initial maps of state variables, and terrestrial nutrient loading
are entered into the ecological model (MIKE 2005a). The
ecological model combines the features of an eutrophication
model (EU) and a sediment transport model (MT). The EU-
MT model is using ECO Lab which is an integrated part of the
MIKE software system. The ECO Lab model includes pelagic
parameters such as phytoplankton (C, N, P), chlorophyll-a,
zooplankton, detritus (C, N, P), and inorganic nutrients
(NO,+3-N, NH4-N, and PO4-P) and an extensive description
of biogeochemical processes in the sediment including
remineralization and deposition and resuspension of organic
and inorganic matter to and from the bottom as a function of
shear stress generated by currents and waves (MIKE 2005b).

Waste products from the cultured fish are included in the
model as sources of NH, and POy, and two fractions of
organic particles with varying settling velocity are used to
represent feces and feed waste. The model results were cali-
brated against measured surface and seabed concentrations of
inorganic and total nitrogen, inorganic and total phosphorus,
dissolved oxygen, chlorophyll-a, and salinity and temperature
from monitoring stations within the model domain.
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Analytical methods Bimonthly samples (including August) 22238 Sq% 3
were further analyzed. Chemical analyses were performed ?f E E ; $ E E §
according to AOAC procedures (AOAC 2006), and samples S ¥c 8 ‘é T3
were run in duplicates. All samples were freeze-dried, finely £ 2222 2SS
milled using a Siebtechnik Screening disc mill TS 250, and % g § E 5 5 E E 5
homogenized prior to analysis. Moisture content was deter- = S 3S S S S S8 3
mined after drying at 105 °C for 24 h. Samples were analyzed
for ash content (550 °C for 6 h); total nitrogen, using the g g § g § g g %\
Kjeldahl method after acid digestion using a Kjeltec system; S22 s222
and total phosphorous, by inductively coupled plasma mass z 2 ; ; volw %'x Z Z
spectrometry (7500ce ICPMS, Agilent Technologies) using § 88 88 88 88
external calibration with internal standardization (**Sc), after g % % % % i’ % ‘z’ i’
acid digestion with concentrated Suprapur nitric acid in a g § g § § § § i §
microwave oven (Multiwave 3000, Anton Paar, Austria).
g . 2829 £5¢g8
Statistical analysis Data are expressed as mean=+standard er- o S =2 < g28<
ror. Data were tested for normality using Kolmogorov- 2 e 1733 II:372
Smirnov and homogeneity of variance using Leven’s test. E| 2 gg3g €888
Means within groups (year-round) was analyzed using one- ‘d‘:) * s SSsS¢<
way ANOVA analyses of variance, at a significance level of = § § § = § § § = §
P<0.05. When F values showed significance, individual g “ 1= s<s<e < s<s<e <
means were compared using Tukey’s post hoc test. Means é > .
between groups (experimental sites) were compared using a E 'g § f f g ’3: f E ’;?,
two-sample T test, at a significance level of P<0.05. Where | 2 ~ T9Ta 19 A T
homogeneity of variance was not assumed, a Welch correction £ §'w S S < S o % S
was applied. Statistical analyses were performed using é §§ dToL2 S2Eecsg
OriginPro 9.0 (OriginLab Corporation). g
-
AN 2a23 €332
Sl | SE83 2:i4
2,8 | Bii: Fg3:
Results S| g8 sy gsedg
S| 57 IS oA g
i S| ES ChEE ©Tgry
Sea temperature ranged from 0 to 23 °C, and salinity ranged g —~ DR oo
from 12 to 29 psu at the cultivation areas (Table 1). The ) PN o
current speed ranged from 0.1 to 35.7 and 0.2 to 34.1 cm s~ @ = g § § 2 E z E g P
at the IMTA and REF site, respectively. The direction of % 2 é 2‘ :‘ :‘ ?é i ooL = —g
current runs northeast/southwest around 50 % of the time for n.g z oo Twoool.s
each of the directions. Modeled environmental parameters = § § 5 g g g § § E E
showed similar temperature, salinity, irradiance, ambient é §
nitrate and phosphate concentrations in both experimental ; o P é’
sites. Lower nutrient concentrations were found in spring ‘é 0‘8’ 5 s = 3 § S = o | E
and summer time, coinciding with the peak in the chl a (data g Jg dhdd L L é
not shown). Modeled and measured ambient nitrate concen- ‘T;‘ éﬂ SCTT TLTT L
tration in the surface water of the bay where the IMTA facility é et SR ©ouo2 é
is located showed high degree of concordance, which verifies g é
the model (Fig. 2). The ammonia concentration increased up E g o 5 - g
to 0.012 mg L' at the IMTA location due to the finfish -;5 E § § g g
production. There was no effect on the REF site (Fig. 1c). 3 28 . 28 8
There were obvious changes in the appearance of the s §o _“ij 5 S ozn _é % S| 2
S. latissima plants due to seasonal coverage by fouling epi- — 2 ff) E) :é) %d 2 f g % :é é
phytes which first appeared in June and had maximum cov- 2 £ 58 g SLE5885 | s
erage in September (Fig. 3). The main epiphytes not only £ = = a
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Fig. 2 Modeled (/ine) and measured (symbols) ambient nitrate
concentration in the surface water from the monitoring station located
in As Vig (st. 6883; year 2005), the bay where the IMTA facility is
located. This year was a typical year regarding the environmental
conditions

consisted of bryozoans but also barnacles, other filamentous
seaweed, and blue mussel juveniles.

Generally, there was a tendency for S. latissima sporo-
phytes to increase in length from May to June at the REF site,
followed by continuous loss of biomass until November
(P<0.05; Fig. 4a). Minimum sporophyte length was found
in November (25.4£0.327 cm), while highest sporophyte
length was found in March (102+7.93 cm) and May (123+
5.08 cm), with no significant difference in between the two
last mentioned months (P>0.05). The increase in length was
reduced from May to September at the IMTA site, but the
differences were not significant. Sporophytes increased again
in length from September to February followed by higher
increment from February to May. Highest sporophyte length
was achieved by the end of experiment in May (101+
16.8 cm), although not significantly different from March

Fig. 3 Saccharina latissima
biomass harvested in a May
representing clean seaweed and b
September representing seaweed
covered by epiphytes of, e.g.,
bryozoans, barnacles, other
filamentous seaweed, and blue
mussel juveniles

(77.6£15.1 cm). Difference in sporophyte length between
cultivation sites (IMTA and REF) was significant in June,
July, September, and January (P<0.05).

Dry matter content changed during the year with the
highest values found in July—September (21.7-22.5 %), and
the lowest values found in January—March (11.3—
12.7 % DW), with no significant difference between cultiva-
tion sites. Generally, there was a tendency that the weight of
S. latissima sporophyte increased from May to August,
followed by loss of biomass in September (P>0.05;
Fig. 4b). Sporophyte weight increased again between
September and February and then more from February to the
end of experiment in May. The highest individual weight
(P<0.05) was found in May 2014 in both REF (67.2+8.07 g
FW) and IMTA (91.7+25.7 g FW) sites, with no significant
difference between sites. Difference in sporophyte weight
between cultivation sites showed significance in September
and November. The seaweed showed exponential growth
from September to May (REF: R*=0.8404 and IMTA: R*=
0.9591) with a similar specific growth rate for both locations
(P>0.05) of 0.0089+0.0008 d' and 0.0121+0.0014 d"" in
the REF and IMTA site, respectively (Fig. 4b).

Sporophyte density on the cultivation lines, 20 days after
re-deployment at the IMTA site and 146 after the first deploy-
ment at sea (REF site), was 145+20 and 162+25 seedlings
m ' of line at the REF and IMTA site, respectively. Biomass
yield increased from May to August but not significantly at
the REF site (P>0.05; Fig. 4c). Highest biomass yield in the
first growing season was achieved in August (1.1£0.09-1.5+
0.12 kg FW m™ ' of cultivation line) and September (0.9+
0.18-1.5+0.16 kg FW m™" of cultivation line), with signifi-
cantly higher biomass yield in the IMTA site compared to the
REEF site found in August. High loss of biomass was observed
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Fig. 4 Year-round variation in 140
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after September followed by a stable period. Biomass yield
increased again between February and May at both experi-
mental sites. Highest biomass yield over two growing seasons
was found by the end of experiment in May 2014 (P<0.05) in
both experimental sites (3.0+0.23 and 3.2+0.24 kg FW m "'
of cultivation line) with no significant difference between sites
(P>0.05).

N content was significantly higher in the REF sporophytes
than in the IMTA sporophytes (P<0.05) between July and
November (Fig. 5a). The minimum N values were found in
July in both experimental sites (0.89+0.019-0.49+0.048 %
dry weight; DW), while the highest values were found in
November—January in the REF site (3.09+£0.107-3.12+
0.112 % DW) and January in the IMTA site (3.67+0.212 %
DW). Epiphytes increased significantly the N content of bio-
mass sampled in July and November at the IMTA site but not
in September (P>0.05), whereas no significant difference was
found in the biomass sampled at the REF site. P content was
relatively stable from May to November (P>0.05) followed
by an increase from November to January and decreasing in
March (Fig. 5b). The lowest P values were found in July
(0.0529+0.0003-0.0526+0.00006 % DW), while the highest
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values were found in January (0.823+0.029-0.791+0.021 %
DW). No significant differences were found in the P content
between cultivation sites throughout the sampling period
(P>0.05). P content was higher in the seaweed samples in-
cluding epiphytes compared with those of seaweed alone,
with significant difference in the September samples
(P<0.05).

There was a tendency for higher N assimilation and thereby
removal when harvested (mentioned as removal hereafter) at
the IMTA site compared to the REF site from July to January,
being significantly different in August, November, and
January (Fig. 5c¢). Maximum N removal was achieved in
August (5.0-7.0 g N'm ' of cultivation line) and September
(4.7-72 g N m" of cultivation line) in both experimental
sites, being significantly higher in the IMTA site compared to
the REF site in August. The minimum values were found in
May (0.6 g N m ™" of cultivation line) in the beginning of the
sampling period in 2013. P removal was similar in both culti-
vation sites throughout the sampling period (P>0.05) with
exception of significantly higher P removal at the IMTA site
in August (P<0.05; Fig. 5d). P removal increased from May to
August, decreased in November, and increased from November
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Fig. 5 Year-round variation in the a nitrogen (N) and b phosphorous (P)
content (%DW) and ¢ nitrogen and d phosphorous removal (g N or Pm"
of cultivation line) of Saccharina latissima cultivated at both reference

to May (P<0.05). Maximum P removal was achieved in
August and September in both REF (0.86-0.83 g P m' of
cultivation line) and IMTA (1.2-0.96 g P m ' of cultivation
line) site but not significantly higher than that found in January,
March, and May (2014) in the respective sites, with exception
of the values found at the IMTA site in August (P<0.05).
Minimum values were found in May (0.03 g P m ' of cultiva-
tion line) in the beginning of the sampling period.

Large-scale biomass production and N removal were esti-
mated based on the data collected in this study and the culti-
vation setup for S. latissima established at Hjarne Havbrug
A/S (Table 2). A minimum biomass production of
2.1t FW ha ' should be achieved in May corresponding to a
N removal of 3 kg. Maximum biomass production should be
found in September (5.1-7.1 t FW ha™') on an annual culti-
vation, while on a biannual cultivation, a maximum biomass
production of 6.7—7.1 t FW ha ' should be achieved in May
corresponding to a N removal of 23.7-39.4 and 26.0—
31.2 kg ha ', respectively. Full-scale cultivation of the 102-
ha REF site should be able to achieve a maximum production
of 506-521 t FW in August—September (annual) or 723 t FW
ha' in May (biannual) corresponding to a N removal of 2,
448-2,589 or 2,663 kg ha ', respectively. This is in accordance
with the company prospects/goal for 2016; 700 t FW year '
corresponding to a N removal of 2.8 t year ' (Hjarne Havbrug
A/S, M. Molgaard, personal communication). The commercial
harvest by Hjarne fish farm at the REF site yielded 1 kg FW m™"

(REF) and IMTA site near Hjarng fish farm in 2013-2014. Deployment at
sea: 15 January 2013. The N and P content of seaweed including epi-
phytes is also presented. Values are mean+SE (n=3)

Table 2 Biomass yield (kg FW m ' of cultivation line), estimated
production (t FW ha ') and N removal (kg ha™') when biomass
harvested of Saccharina latissima cultivated at both reference (REF)
and IMTA site upon different harvest times

Harvest time Cultivation site
IMTA REF
Harvested biomass May 13 - 0.41
(kg FW m" line) August 13 1.02 0.99
September 13 1.30 1.01
May 14 1.23 1.42
Harvested biomass May 13 - 2.1
(tFW ha) August 13 55 50
September 13 7.1 5.1
May 14 6.7 7.1
N removal (kg ha ") May 13 - 3.0
August 13 382 25.1
September 13 394 23.7
May 14 312 26.0

All cultivation lines were from the same nursery/reproduction batch and
were deployed at sea in January 2013. Data were computed using data on
biomass yield measured in 4 m length cultivation lines, the N content of
the biomass collected in the first meter of line (2 m depth) and meters of
cultivation lines per ha based on current features of the cultivation system.
In future, the fish farm will place 400 longlines at the 100 ha REF site,
which means 4 longlines ha™' each of 220 m length and parallel 8~10 m
apart
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rope with a total harvest of 5,890 kg FW in January to May and
with a mean biomass yield of 2-4 kg FW m™"' from June to July
2014 from lines deployed in 2012-2013.

Discussion

Stagnation in frond elongation and loss of apical biomass in
summer followed by increase in length from September/
November to May observed in this study is in accordance
with the growth pattern previously reported for the S. latissima
(Liining 1979; Sjetun 1993; Andersen et al. 2011). This may
be explained by endogenous growth rhythms (Liining 1993)
and/or nitrate limitation (Sjetun 1993). The biomass increase
until August was probably a result of the observed increased N
content (reserve N) and the storage of large amount of photo-
synthetic product and reserve carbohydrate (e.g., laminarin) as
reported for this species (Black 1950). This most likely results
in biomass increment but not necessarily in an increase of
length. Fast frond growth during late winter and spring lead to
gain in exponentially increase of thallus weight and increment
in biomass yield. These data show that seasonal growth pat-
tern is a main factor affecting biomass production in
S. latissima farming. In this study, occurrence of epiphytes
(mainly bryozoans) started in July (summer) and increased
until August/September when apical and old biomass was lost
(summer abscission of distal tissue), and epiphytes only
remained present in the apical part of the fronds until
November (autumn). The absence of epiphytic organisms
from December to June may be related with the low average
seawater temperature during this period (2-12 °C) as the
infestation of kelp farms by common epiphytes such as hy-
droids and copepods has been attributed to increasing seawa-
ter temperature on kelps harvested in April-July (Park and
Hwang 2012; Peteiro and Freire 2013a). Similarly, the epi-
phytic colonial bryozoan Membranipora membranacea is
commonly found in commercial cultivation of Saccharina
Jjaponica during mid-summer in Asia (Kawashima 1993).

S. latissima farming in a biannual cultivation cycle seems
to have high potential because maximum epiphyte-free bio-
mass yields twice as much compared to the annual cultivation
cycle (deployed at same time as the biannual), regardless the
cultivation site. The biannual cultivation is without increasing
operational costs, however, increasing risk by leaving the crop
longer at sea. These results are opposite of that reported by
Peteiro et al. (2006), due to reduced number of S. latissima
sporophytes on the cultivation line the second year. On the
other hand, no enhanced biofilter efficiency was found bian-
nually compared to the annual cultivation in this study, be-
cause a biannual cultivation requires two growing seasons,
and this makes it less attractive in a bioremediation perspec-
tive. Moreover, leaving the biomass late summer means that
old frond biomass will get lost, and lost biomass is loss of
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potential removal of N and P and thereby value, unless the
apical part of the biomass is cut/harvested and the basal part is
allowed to regrow for the second season.

The maximum S. latissima biomass yield at both experi-
mental sites (3-3.2 kg FW m™' rope over 16 months, with
only around 6 weeks in hatchery) of this study is lower than
previously reported for S. latissima cultivated in Spain (4—
16 kg FW m™' rope; Peteiro et al. 2006; Peteiro and Freire
2013b) and Canada (11-17 kg FW m ' rope; Chopin et al.
2004). This may be due to recorded temperatures in this
study’s cultivation area reached down to 0 °C during the main
growth period (October—May) and up to 23 °C during summer
which is outside the reported optimal growth temperature
range of 10-15 °C (Fortes and Liining 1980; Bolton and
Liining 1982). Furthermore, salinity at the cultivation area
reached a minimum of 12-15 psu from February to April,
while S. latissima presents strong reduction of growth at
16 psu and shows optimal growth at salinity limits between
23 and 31 psu (Bartsch et al. 2008). Moreover, irradiance in
winter time (December—February) reaches down to 48 pumol
photons m™? s' which is below photosynthetic saturation
level of kelps (150 pmol photons m 2 s~ '; Liining 1979).
Another important aspect to consider is that seedling produc-
tion in this study was done based on the direct sowing of
spores on collectors using reproducers collected from natural
populations, while in some other studies, seedlings were pro-
duced from established gametophyte cultures (e.g., Peteiro
et al. 2006; Peteiro and Freire 2009). These different tech-
niques may influence the seedling density and ultimately the
biomass production. Furthermore, earlier deployment at sea
most likely enhances biomass yield as it has been shown in
the Atlantic waters of NW Spain, possibly due to longer
cultivation period during the cold season (Peteiro and Freire
2009).

The highest N content was achieved in January in both
cultivation sites. This peak matches the peak of the ambient
nitrate concentrations in the area. Similarly, the lowest values
found in May—July match the lowest ambient nitrate concen-
trations (measured and modeled nitrate concentration Fig. 2).
Moreover, the higher nitrogen content found in the seaweed
cultivated in the REF site compared to the IMTA indicates that
the release of inorganic nutrients from the fish farm (Fig. 1c) is
negligible compared to the naturally occurring background
concentrations of nitrogen. This especially taking into account
that the IMTA site is located 500 m from the fish farm and that
the IMTA site is only located downstream in 50 % of the time.
Moreover, the fish farm in this study is relatively small com-
pared with other commercial salmonid farms. While seaweeds
cultivated in the vicinity of fish farms usually have an increase
in their N content (Chopin et al. 2000; Abreu et al. 2009;
Sanderson et al. 2012; Handa et al. 2013), utilization of waste
nutrients from fish farms by the seaweed is very site specific
and dependent on a number of factors including nutrient
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loading, current speed and direction, and distance to the
nutrient source. Increased N content of S. latissima sporo-
phytes grown on droppers, frames, and longlines in close
proximity (10-55 m away) to salmon cages has been reported
(Sanderson et al. 2012; Handa et al. 2013). However, such
small distances are not realistic in commercial scale IMTA.
This is due to interference with normal fish farming activities
and the large areas required for seaweed farming. Moreover,
cultivation of seaweed in very close proximity to the fish farm
has been associated with increasing amount of organic parti-
cles, resulting in a less clean biomass and higher occurrence of
epiphytes (Abreu et al. 2009), not desirable for seaweeds for
human consumption.

N content of S. /atissima following the ambient levels was
also concluded in another recent Danish study on natural
seaweed populations; however, the minimum N content was
observed to be later (July to November) compared to this
study (Nielsen et al. 2014). Another study on natural popula-
tions of S. latissima also showed minimum N content in
summer (Black 1950). Moreover, our data are consistent with
that reported by Handa et al. (2013) who found increasing N
content from May to August—September in cultivated
S. latissima in Norway. P content followed the same annual
seasonal variation pattern as N with the highest concentrations
found in January in both experimental sites (0.79-0.82 %
DW) and the lowest concentrations found in May—
September (0.06-0.08 % DW) which is, respectively, higher
and lower than the mean P content of S. /atissima cultivated in
IMTA with salmon culture in Canada (3.09+0.75 mg g ' DW;
Reid et al. 2013).

Higher N removals (driven by higher yield) of seaweed
cultivated at the IMTA site compared to the REF site in
August (approximately 5—7), November (approximately 1—
4), and January (approximately 2-3 g N m ™' of cultivation
line) are in accordance with similar studies showing faster
growth and higher biomass production of S. latissima,
Gracilaria chilensis, and Macrocystis pyrifera cultivated in
IMTA with salmon compared to reference sites (Troell et al.
1999; Buschmann et al. 2008b; Sanderson et al. 2012; Handa
etal. 2013). The same pattern was observed for the P removal.
The specific growth rates were however not significantly
different between REF and IMTA in our study. The highest
N removals and yields also after the fish were harvested
(January) at the Danish fish farm further support that the
ambient nutrient concentrations have higher impacts on the
biofilter potential of the seaweed.

The yield of brown seaweeds on an annual basis (12—60 t
DW ha ' year ') is equivalent to 80-400 t FW ha ' year ' by
rope cultivation reported from worldwide experiences (Bruton
et al. 2009). The highest values were found in Asia, while in
Europe, there is a lack of values for yield in upscaled exper-
iments. Sanderson et al. (2012) estimated a maximum extrap-
olated yield of 340 t FW ha ' year ' in Scotland, while an

estimated yield of 30.4-45.6 t FW ha ' over one growing
season was reported for S. /atissima cultivated in Spain
(Peteiro and Freire 2013b; Peteiro et al. 2014). In the present
study, the lower extrapolation yields were made based on the
yield achieved in large-scale cultivation, which should give
more realistic values for commercial S. latissima cultivation,
particularly in North European waters. Moreover, yields used
for the extrapolation in this study (0.41-1.42 kg FW m '
cultivation line) are comparable to the average value reported
for the commercial harvest by Hjame Havbrug A/S fish farm
at the REF site (1 kg FW m™' rope with a total harvest of 5,
890 kg FW from January to May) from lines deployed in
2012-2013. Another important aspect to consider is that dif-
ferent cultivation systems/setups used in the different studies
(e.g., longlines, droplines, frames, and distance between cul-
tivation structures) will have an effect on the actual and
estimated yields. In addition, extrapolation in this study may
underestimate the yield as the cultivation lines were deployed
in January, because earlier deployment time has been reported
to improve biomass yield of S. latissima (Peteiro and Freire
2009). Moreover, N content used in the data computation was
determined for S. latissima cultivated at 2 m depth and N
content may increase with depth.

The highest yield and thereby biofilter efficiency found in
August—September could be considered as the best annual
cultivation harvest time. However, biomass collected during
this period presented heavy biofouling that makes it unsuit-
able for human consumption, which is currently the main
commercial application for S. latissima biomass (Peteiro
et al. 2006; Sanderson et al. 2012). Commercial application
for this biomass could then be considered such as supplement
for fish feed. The epiphytes would not necessarily be a hin-
drance when utilized for animal feed (manuscript submitted);
however, the biomass value for animal feed will be less than
for human consumption (Bruton et al. 2009). The biomass
should be harvest in May to be clean and utilized directly for
human consumption before the fouling season begins. This
will however compromise the bioremediation potential of the
biomass. The REF site with seaweed cultivation was recently
organic certified which should increase market price as organ-
ic products are in increasing demand.

The monitoring in this project has already been of high
importance for this particular fish farm as it has provided
valuable data on the effect of harvest time on biomass yield
and N removal contributing to a (qualified informed) decision
regarding selection of harvest time. Moreover, this project has
provided bioremediation data for the Danish authorities. The
seaweed harvested in the commercial IMTA system compen-
sates the N budget or N quota that limits the Danish fish farms.
Hjarne fish farm has just recently been permitted a fully
compensated (nil netto N output) fish farm 10 times the size
of their existing fish farm. This facility is further away from
the fjord and with more water exchange (Fig. 1b); however,
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the compensation/bioremediation with mussels and seaweed
should be at the existing IMTA and REF facilities. The fish
farm has initiated the production and will be fully operational
(2,200 t of fish, 8,000 t of mussels, and 700 t of seaweed
produced) in 2016. This will then not be IMTA but with
separated fed and biofilter cultures. This future upscale in
biofilter cultures could then lead to 80 t N net removal from
the mussels by biomass harvest. Moreover, mussels
remineralize nutrients, since mussels respire approximately
35-40 % of consumed N (Kierboe and Mghlenberg 1981).
This means that cultivated mussels actually contribute locally
with dissolved N and that seaweed in an IMTA/polyculture
system takes advantage of being close to mussel cultivation.

Further improvement of biomass production and bioreme-
diation may include S. latissima domestication towards the
development of an improved commercial variety (e.g., faster
growth, larger plants, higher N tissue content), study/selection
of better cultivation sites for optimal growth, new seeding
materials for higher seedling densities, and optimized cultiva-
tion system (e.g., configuration and growth structures).

Conclusions

The recognition by the Danish authorities of the environmen-
tal service of biofilters, such as seaweed and mussels, through
the establishment of N credits is an unprecedented move from
direct uptake of nutrients released from fish farms towards a
wider geographic ecosystem context (compensation). The use
ofthe seaweed S. latissima shows potential for assimilation of
nutrients, particularly nitrogen. This has potential environ-
mental and economic benefits (e.g., wastewater management
and for application of biomass) for the specific fish farm, even
though the effect of N bioremediation is negligible to the
major N budget of the inner Danish waters. Yields of the
commercial cultivation of S. latissima achieved in the present
study are lower than other reported and mainly extrapolated
figures from smaller scale cultivations. The harvest time
should be carried out in August—September in an annual
cultivation in order to achieve maximum biofiltration efficien-
cy or May in order to maximize biomass value for human
consumption. Harvest time will depend not only on the bio-
mass yield and biofilter efficiency but also the epiphyte cov-
erage which has a significant effect on the commercial
application/value of the biomass.
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