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ABSTRACT

Cultivation of macroalgae is an emerging industry in Europe and the sugar kelp Saccharina
latissima is one of the most economically and ecologically relevant species. New consumer
trends, market demands and opportunities for multiple uses of macroalgae such as food,
bioactive components, feed, fertilisers and biofuels has strengthened the motivation for
industrial macroalgae cultivation in Western countries. The Norwegian coastline covers
more than ten degrees in latitude and provides a range of abiotic and biotic conditions for
successful seaweed farming. Since 2008, more than 40 companies have been established
aiming for commercial farming along the coast, but the cultivation is still in a preliminary

phase due to the high production costs and a premature market for bulk biomass.

The present study has increased our biological knowledge needed for the cultivation of S.
latissima and emphasises the importance of studying growth and dynamics of biochemical
content under different environmental conditions, including different latitudes, seasons and
depths, but also different seedling sizes and nutritional histories. This was performed under
various ecologically realistic scenarios, as well as under conditions that are not commonly
found along the Norwegian coast, but which are biologically interesting to include.
Furthermore, this new fundamental understanding of physiological mechanisms makes us

better understand the ecological niche and nutritional requirements of cultivated S. latissima.

The coupling between extracellular nitrate (NOs") concentration, initial NOs™ uptake kinetics,
intracellular NOs™ concentration and specific growth rate is paramount for understanding
both the nutrient and environmental conditions required for efficient cultivation of S.
latissima, as this will have essential importance for future large-scale production. It appears
that S. latissima requires high ambient NO3™ concentrations for maintaining rapid growth and
is not able to compete for available nutrients with the more efficient phytoplankton during
the late spring and summer. This means that S. latissima has to take up most of the NOs
needed early in the season when ambient concentrations are high, and that the period after
the spring bloom represents a negative shift in nutrient uptake that involves sporophyte
growth mainly based on internal inorganic and organic nitrogen components. A positive
relationship between both total intracellular nitrogen components and mean growth rate to

the ambient nitrate concentration was confirmed.



There are several methods to influence the biomass yield and chemical composition of the
harvestable S. latissima biomass. If the motive is to produce biomass with a high content of
internal nitrogen components such as protein, cultivation during periods of high ambient
nitrate is essential. This occurs during the period from the late fall to spring along the
Norwegian coastline, depending on the latitude, but could also be accomplished by pumping
deep water into land-based tank systems or by moving the cultivation lines to deeper depths
when the nutrients are depleted in the surface layer due to phytoplankton blooms.
However, if the main goal is to produce the highest harvestable yield, adequate light
intensities must be provided to the sporophytes, together with high ambient nitrogen, to
increase their length and weight. The hatchery phase also impacts the biomass productivity
at sea. Seeding lines with spores followed by an incubation period of 42 days in the hatchery
before deployment gives an advantage to reach the highest possible yield compared to

seeding with gametophytes or juvenile sporophytes.

A monitoring study of cultivated S. latissima along the Norwegian coast revealed a south-
north gradient in biomass development during the spring and summer, with the southern
location reaching maximum frond length and biomass yield 2 months earlier that the
northernmost location. Irrespective of latitude, which clearly has a huge influence on growth
and chemical content due to large differences in essential resources such as nutrients and
light, site selection in general must be considered before deployment. Due to local
variations, pilot investigations should be undertaken to determine the suitability of a given
potential farm location, by generating knowledge on suitable cultivation depths and
deployment and harvesting windows that would assist farmers to maximise production and

minimise loss.

The long-term goal is to use this newly gained knowledge to contribute to the future
development and establishment of a new bioeconomy based on cultivated seaweed.
Industrialisation of a nearly carbon-neutral, non-fed cultivation of macroalgae will contribute
to an environmentally-friendly development of the aquaculture sector and to a sustainable

exploitation of the ocean.
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1. BACKGROUND

Distribution of Saccharina latissima
The sugar kelp Saccharina latissima (Linnaeus) Lane, Mayes, Druehl and Saunders 2006

[synonym: Laminaria saccharina (Linnaeus) Lamouroux] is a cold water species distributed
circumpolar in the northern hemisphere where it occurs from the intertidal zone down to
the bottom of the photic zone (Bolton et al. 1983). The species is present on both sides of
the Atlantic, from Nova Scotia along the coasts of Europe and in the Pacific along the North
American cost, as well as some areas outside of Japan and in the Arctic Russia (Druehl 1970;
Druehl and Kaneko 1973; Liining 1990; Bartsch et al. 2008). Approximately half of the
world’s natural kelp beds of S. latissima are found along the coast of Norway (Moy et al.
2006), suggesting that habitat suitability may also be high for cultivation along the entire

coast.

S. latissima grows optimally at temperatures between 10 and 17 °C (Druehl 1967; Fortes and
Lining 1980) and salinities of 30-35 psu (Kerrison et al. 2015), conditions which are met
along most of the Norwegian coastline. Temperature, wave exposure and competition with
other species are among the factors affecting the propagation of S. latissima and the
southern limit is highly determined by temperature (Liining 1990; Azevedo et al. 2019). In
addition, the availability of light and nutrient resources regulates depth distribution and
productivity (Hurd et al. 2014; Xiao et al. 2019). The light saturation point of growth for S.
latissima juvenile sporophytes has been shown to be at 50-70 pmol photons m2 s, with an
optimum photon flux density of 110 umol as the sporophytes approach 6 weeks in age (Kain
and Jones 1969; Egan et al. 1989). Reports for the same species indicate that 1- to 2-year-old

fronds show photoinhibition at 250 umol photons m2 s’ (Fortes and Liining 1980).

In temperate North-Atlantic waters, S. latissima shows a seasonal dependent growth pattern
with fast growth during the first half of the year. From late spring to late summer, heavy
fouling and necrosis of the distal end of the lamina occurs (Handa et al. 2013; Fgrde et al.

2016; Matsson et al. 2019).



Saccharina latissima life cycle
The sporophyte of S. latissima consists of a lamina (frond), stipe and haptera (Figure 1.1).

The lamina grows from an intercalary meristem located between the lamina and the stipes,

which is short, round and attach to the substrate with a branched haptera.

Figure 1.1: Saccharina latissima consisting of haptera (1), stipes (2) and lamina (3).

Illustration: Lydia Torsvik Gieselmann

S. latissima has a diplo-haplontic, heteromorphic life cycle, which alternates between a
microscopic haploid (n) gametophyte generation and a macroscopic diploid (2n) sporophyte
generation (Kain 1979), as shown in Figure 1.2. The life cycle is common for all the different
Laminariales, with minor differences. In Norway, S. latissima is commonly fertile during
winter (October—January) when the days are short, and temperatures are low. Sorus with
sporangia develops on the lamina and meiosis produces 32 motile meiospores (zoospores)
per sporangium (Schreiber 1930; cited in Kain 1979). When mature, the 4-8 um long spores
are released into the surrounding water and spread with water currents until they settle at a
suitable substrate. After settlement, they lose their two flagella and the initial germling
growth phase starts with the formation of a germtube in the distal end of the spore. The
germtubes are filled with the cell content of the spore, making a primary cell, which further
develops into male and female gametophytes (Williams 1921; cited in Kain 1979).
Gametophytes increase in length via cell division, while progressively developing branches.
Male gametophytes are thin and heavily branched, while the female have thicker cells and
are less branched (Arbona and Molla 2006). Gametogenesis in Laminariales is induced by

blue light (400-512 nm), whereas the optimum temperature varies with geographical

10



distribution (Lining and Dring 1975; Lining and Neushul 1978; Lining 1980). Once the light-
and temperature conditions are suitable, the development of reproductive structures is
triggered (Liining 1980). Female gametophytes produce an oogonium, which again produces
one non-motile spherical gamete (oosphere/egg) when fertile. The male gametophyte
develops spermatocysts which produce spermatozoids with two flagella. A signal chemical
attracts the spermatozoids, which swim to the oogonium, and fertilise the egg (Miiller et al.
1979). The fertilised gametes develop into a microscopic sporophyte that grows into the full-

sized sporophyte of up to 3 min length (Su et al. 2017).

2 VEGETATIVE PHASE

3. REPRODUCTIVE PHASE
-induced by optimal
conditions

Gametophytic
haploid generation

Developing sporophyte

Mature sporophyte

Figure 1.2: Schematic presentation of the life cycle of Saccharina latissima. lllustration:

Sanna Matsson.

The haploid gametophyte stage can be cultivated under controlled environmental conditions
in a laboratory. In weak red-light, gametophytes have vegetative growth and will increase in

size, without producing gametes or spermatocysts. Fertilisation can be induced at any
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moment by modifying the light regime and exposing the gametophytes to blue light. Studies
have shown that the ability to produce gametes is still good after 30 years of cultivation

under red-light conditions in many kelp species (Druehl et al. 2005).

Cultivation
Production and use

The cultivation of seaweed has a long tradition in Asian countries like China, Indonesia,
Japan, Korea and the Philippines, and algae constitute a large and natural part of people’s
diet. The first attempts to cultivate the kelp Saccharina japonica, a close relative to S.
latissima, has history starting from the 1930-1940s in northern China, with the
breakthrough coming at the end of the 1950s with the horizontal longline method (Su et al.
2017). Approximately 220 species of seaweed are of commercial value, while the number of
species that are intensively cultivated is relatively low, posing a challenge to finding new
species that can offer novel products (Hafting et al. 2015). The most common seaweed taxa
to cultivate are the brown algae S. japonica (kombu), Undaria pinnatifida (wakame) and
Sargassum fusiforme (hiziki), together with the red algae Euchema spp. and Kappaphycus
alvarezii (both for carrageenans), Gracilaria spp. (for agar) and Porphyra/Pyropia spp. (nori),
with an annual production reaching almost 30 million metric tons (FAO 2018; Buschmann

and Camus 2019).

S. latissima is one of the fastest-growing species of kelp in European waters, with annual
production capacities estimated at 75—170 tons wet weight (WW) per hectare at sea (Broch
et al. 2013; Holdt and Edwards 2014; Broch et al. 2019). Europe's contribution to the global
macroalgae cultivation is negligible, and a production of 1000 metric tons S. latissima was
reported in 2017 (FAO 2018). However, new consumer trends, market demands and
opportunities for multiple uses of macroalgae such as food, bioactive components for
functional food and feed ingredients, fertilisers and biofuels (Shahidi 2009; Holdt and Kraan
2011; Rajapakse and Kim 2011; Fleurence et al. 2012; Hafting et al. 2012; Tabarsa et al.
2012; Wargacki et al. 2012; Fernand et al. 2017) has strengthened the motivation for

industrial macroalgae cultivation in Europe.
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In Norway, the cultivation of macroalgae was initiated 10 years ago with small-scale
experiments. The cultivation is still in a preliminary phase, even though several seaweed
farmers along the Norwegian coast cultivated and harvested up to 176 tons of the two kelp
species S. latissima (174 t) and Alaria esculenta (2 t) in 2018. In 2019 the production of S.
latissima was reduced to 66 t while the production of A. esculenta had increased to 44 t, and
the value of the two species had increased significantly (Directorate of Fisheries 2020). There
are presently 475 permits for macroalgal cultivation distributed over 97 locations and 16

companies in Norway (Directorate of Fisheries 2020).

Efforts to make seaweed a part of the everyday human consumptions, by informing about
seaweed health benefits and launching of new products, have thus resulted in another type
of awareness among customers during the last 2—3 years. Easily accessible products such as
salt, pesto, breading and dried flakes can influence people to use seaweed to enhance
flavour (Mouritsen et al. 2012) and add more iodine into their daily diet (Roleda et al. 2018),
and can provide opportunities for eventually trying larger portions of seaweed. To produce
these kinds of products, the amount of seaweed currently cultivated is sufficient, but if the
market is aiming for other types of products from this versatile biomass, e.g. feed
ingredients, fertilisers and biofuels, we need to massively upscale the production (Olafsen et
al. 2012; Skjermo et al. 2014). Industrial, cost effective cultivation requires novel technology
of the whole production line targeting mechanisation and automation of the seedling

processes, deployment at sea and harvesting operations.

Cultivation technology and strategies

The cultivation process consists of two major stages: 1) a nursery stage that provides
conditions necessary for the development of microscopic gametophytes through their sexual
phase and the subsequent development of small sporophytes suitable for deployment at sea
(Figure 1.3, left); and 2) a sea-farming stage that involves the cultivation at sea of these
juvenile sporophytes until they reach a suitable size and chemical composition for the

desired end-products (Figure 1.3, right).
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Figure 1.3: Juvenile sporophytes of S. latissima cultivated on a 1.2 mm string and ready for

deployment at sea (left) and cultivated S. latissima biomass after approximately 3-4 months

at sea (right)

Cultivation protocols have been established for the most common kelp species, like S.
latissima (Flavin et al. 2013; Redmond et al. 2014; Forbord et al. 2018), A. esculenta (Arbona
and Molla 2006) and Laminaria digitata (Edwards and Watson 2011). In addition, other
seaweed species are becoming attractive for cultivation in Europe due to their high protein
content and demand for human consumption, like the red algae Palmaria palmata and
Porphyra sp. (Edwards and Dring 2011; Lavik 2016; Schmedes et al. 2019; Schmedes and
Nielsen 2019).

There are three main strategies for producing kelp seedlings with seeding of the growth
substrate with either spores, gametophytes or small sporophytes. Seeding with spores and
gametophytes is the most incorporated technique to date (Forbord et al. 2018). Seeding
with spores requires fertile sporophytes and is seasonal-dependent if these are collected in
natural habitats; however, fertility can also be induced by an artificial day rhythm and thus
enable access to spores independent of natural seasons (Pang and Liining 2004; Forbord et
al. 2012). Gametophytes can be kept in continuous cultures and be available for year-
through seeding or the production of microscopic sporophytes for direct seeding. This is
advantageous as the use of incubation facilities can be shortened by several weeks or, in the
case of direct seeding, omitted completely. Limited information exists on which of these
three strategies yields the highest biomass at sea and how the age and developmental stage

at deployment will affect the chemical content of the biomass at harvest.
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Fouling by epibionts usually occurs from spring to autumn, depending on location, latitude,
and inter-annual variation (Scheibling and Gagnon 2009). Epibionts can form a barrier
inhibiting nutrient (Hurd 2000) and light absorption (Andersen 2013) and may cause loss of
biomass through increased drag and friction and decreased flexibility (Krumhansl et al.
2011). Biofouling results in seaweed biomass being less attractive for human consumption,
affecting the commercial value of the yield (Park and Hwang 2012). Kelp with low values for
human consumption may, however, still be used in other industries, for example in the
production of animal feed (Burton et al. 2009). To avoid biomass loss and reduced monetary
value, kelp is usually harvested before the onset of epibionts (Fletcher 1995; Park and

Hwang 2012).

Biochemical content
The biochemical content of S. latissima varies along the thallus of individual sporophytes

(Boderskov et al. 2016), making it important to analyse samples from the whole lamina, and
not only at specific areas like the meristematic zone. Even more important is the strong
influence of the external environment, like nutrients, light, temperature, salinity and
currents that vary with season and depths (Schiener et al. 2015; Bruhn et al. 2016; Nielsen et

al. 2016; Bak et al. 2019).

The moisture content of fresh S. latissima is very high and can account for up to 75-90% of
the biomass. The remaining dry matter contains nutritional elements such as carbohydrates,

proteins, lipids, vitamins and minerals in varying amounts (Holdt and Kraan 2011).

S. latissima, like other marine algae, may contain large amounts of polysaccharides, up to 70%
of DW (Nielsen et al. 2016; Manns et al. 2017), notably alginate and some cellulose for cell
wall structure, but also storage polysaccharides like fucoidan, laminaran and mannitol (Holdt
and Kraan 2011; Schiener et al. 2015). The latter two are found to be highest in the summer
and autumn and support growth during the dark winter period when the photosynthetic
activity is low. In contrast, lipids accounts for a very low fraction of the dry matter, only around
0.6-3.4% of DW depending on the season (Marinho et al. 2015c; Monteiro et al. 2020), which

is a lot lower than for most other marine organisms.
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The internal nitrogen components like total tissue nitrogen (Qn), intracellular nitrate (I-DIN)
and protein are found to be significantly interrelated and correlated with the ambient
seawater nitrogen. Q usually varies from 10-40 mg g DW (1-4 % of DW) (Gerard et al.
1987), but values both below and above have been registered for nitrogen limited and
saturated sporophytes of S. latissima (Chapman et al. 1978; Boderskov et al. 2016). Levels of
Qn are dependent on age, size and the nutritional history of the sporophytes, among other
factors, and may thus vary among individuals. Critical values to maintain growth and survival
are suggested for several species (Pedersen and Borum 1996), but these have not yet been

determined for S. latissima.

I-DIN is not commonly measured for macroalgae. In general, this pool is not believed to
represent a major fraction of the total nitrogen storage, at least not for S. latissima (Young
et al. 2007). However, as the content of I-DIN has shown a close and significant relationship
with growth rate and ambient nitrate concentrations (Wheeler and Weidner 1983), I-DIN
could be an important indicator of the nutritional status of the algae, and quantification of

this fraction is therefore relevant.

The global human population is expected to increase by over a third (2.3 billion people) by
2050, requiring an estimated 70% increase in food production (Godfray et al. 2010). In
particular, protein is one of the main nutrients that will be in short supply in the future.
Alternative protein sources and production methods are required to fulfil the demand of
consumers and meet predicted global protein requirements (Bleakley and Hayes 2017).
Seaweed is considered a viable source of protein, and some species, like the red algae
Porphyra spp., are known to contain as much as 35—-47% protein which is comparable to
soybean (Fleurence 1999; Garcia-Vaquero and Hayes 2016). The protein fraction of S.
latissima ranges from 3-26% of DW, mainly increasing during the winter and decreasing over
the spring and summer period (Fleurence 1999; Marinho et al. 2015b; Schiener et al. 2015;
Mols-Mortensen et al. 2017). Terrestrial agriculture already requires approximately 75% of
the total global freshwater, while marine algae do not use freshwater or arable land to grow.
However, the current extraction processes of algal protein and other high valuable

compounds are time-consuming and not yet economically viable.

S. latissima is known to be high in minerals with an ash content of 15-45% of DW (Marinho

et al. 2015a; Bak et al. 2019), and it can contribute with 10—100 times higher mineral

16



content than traditional vegetables when used as feed and food supplements (Holdt and
Kraan 2011; Pereira 2011). lodine is an important mineral that is used to prevent goitre; only
32 mg DW of unprocessed S. latissima is enough to meet the recommended daily intake
levels for most healthy humans (Roleda et al. 2018). However, up to 88% reduction in iodine
content can be obtained by water blanching the biomass at 245 °C for 230 sec, without

compromising other valuable compounds like total protein (Nielsen et al. 2020).

Even though macroalgae in general add value to the daily diet by contributing essential
nutrients such as vitamins and minerals, they can sometimes contain elevated levels of
inorganic arsenic, total arsenic and cadmium, while levels of mercury and lead are generally
low. High levels of inorganic arsenic and cadmium are particularly found in brown algae and
may limit their use as food and feed ingredients. There are currently no regulations for

macroalgae used as food (Duinker et al. 2016; Barbier et al. 2019).

Nitrogen uptake kinetics and metabolism
Nitrogen (N) plays an important role in maintaining the biogeochemical balance of the

marine environment and exists in more chemical forms than most other elements. All these
transformations are undertaken by marine organisms as part of their metabolism, either to
synthesise structural components or to gain energy for growth (Gruber 2008). The internal
concentration of a nutrient depends on the concentration of that nutrient in the surrounding

environment and the algae’s ability to extract this from the sea (Hurd et al. 2014).

Nitrogen is considered to be the potential limiting nutrient for macroalgal growth, both
globally and in Norwegian coastal waters, especially during the summer months after the
phytoplankton blooms have depleted the concentration of dissolved inorganic nitrogen
(DIN) to almost zero (Hanisak 1983; Rey et al. 2007; Ibrahim et al. 2014; Broch et al. 2019). In
temperate regions, upwelling brings up and mixes nutrient-rich deep water with nutrient-
deficient surface water. In Norway, this takes place in the autumn-early spring period,
dependent on latitude. Nutrients from greater depths are then redistributed to the surface
layer, representing a nutrient reservoir which supports the phytoplankton spring bloom in

the following year (Voss et al. 2013).
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The major sources of nitrogen available for macroalgae are nitrate (NOs), ammonia (NH4*),
and urea (Hurd et al. 2014). The concentration of NOs"in surface water can vary from almost
zero in the tropics and subtropics up to several tens of pmol L (uM) in the temperate, Arctic
and Antarctic oceans outside the vegetation period (Voss et al. 2013). North-East Atlantic
deep water contains around 10 umol L'* of NO3™ (Forbord et al. 2012), representing the
highest concentration of nitrate that algae are exposed to in their natural environment.
Nitrate assimilation capacity varies several folds seasonally in intertidal brown algae in
response to nitrate availability; in the winter, nitrate concentrations are high and not
limiting, but in the summer, nitrate is normally significantly depleted (Young et al. 2007).
NOs can be stored inside the seaweed cells at concentrations exceeding ambient
concentrations, and is therefore assumed to require active uptake (Harrison and Druehl
1982; Harrison and Hurd 2001), but this has only been confirmed for a few species (Roleda
and Hurd 2019). An active mechanism of uptake will exhibit saturation kinetics; at low
nutrient concentrations, the uptake rate then increases linearly with increasing
concentration, while at higher concentrations, a further increase does not lead to a much
higher uptake rate. Uptake kinetics can therefore commonly be described by a rectangular
hyperbola of the Michaelis-Menten equation type (Chapman et al. 1978; Harrison and
Druehl 1982; Wallentinus 1984; Harrison and Hurd 2001; Phillips and Hurd 2004). In other
cases, saturation does not occur at high nutrient concentrations, and a linear uptake with
increasing nitrate concentration may be experienced. Unsaturated uptake is common for
NHs* (Phillips and Hurd 2004; Abreu et al. 2011; Martinez et al. 2012), but it has also been
described for NO3™ (Harrison et al. 1986; Ahn et al. 1998; Sanchez-Barredo et al. 2011;
Martinez et al. 2012).

Nutrient uptake rates in seaweed are affected by, and vary considerably with, variations in
chemical (concentration of nutrients in their ionic or molecular form), physical (light, salinity,
temperature, desiccation and water motion) and biological factors (Thomas et al. 1987; Hurd
2000; Harrison and Hurd 2001). Biological factors include the surface area-to-volume ratio,
type of tissue, age, nutritional state and inter-seaweed variability (Wallentinus 1984;
Pedersen 1994; Hurd et al. 2014). Perennial algae appear to have slower uptake rates and
are better adapted to a low and constant nutrient supply than ephemeral macroalgae which

dominate areas with high and episodic nutrient concentrations (Pedersen and Borum 1997;
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Harrison and Hurd 2001; Thornber et al. 2008), while younger tissues are found to have a
higher N demand than older tissues because they are actively growing and hence have a

higher uptake rate (Roleda and Hurd 2019).

When NOs'is taken up, it can be stored in intracellular pools (I-DIN) in the vacuoles and
cytoplasm (Hurd et al. 2014) or be reduced to nitrite (NO2’). Incorporation in vacuoles may
occur when the uptake rate of NOs™is greater than the rate of conversion to NOy". Nitrite is
further reduced to NHs" in the chloroplasts and converted into biomolecules such as amino
acids (Figure 1.4) (Harrison and Hurd 2001). Dependent on the size of the I-DIN pool, algae
may be more capable of growing in areas where the nutrient availability varies over the
seasons. High internal tissue concentrations of inorganic nitrogen suggest nutrient storage,
whereas low internal tissue concentrations may indicate nutrient deficiency (Hanisak 1979).
Other potential nitrogen reserve pools in macroalgae include proteins, free amino acids,
nucleotides and pigments (Bird et al. 1982; Lapointe and Duke 1984; Jones et al. 1996; Naldi
and Wheeler 1999; Young et al. 2007), while proteins account for the largest intracellular N-
source (Pueschel and Korb 2001). High contents may also be a result of nutrient saturation

for these components, whereas low levels may suggest nutrient sub-saturation.

: - NO,- Vacuole
Ambient NO; — > hE «—> e e
v
AmbientNO, —— NO,
v Chloroplast
Ambient NH;,"* —— NH,* — s ' NH,* —> amino acids

Figure 1.4: A simplified overview showing the main pathway of inorganic nitrogen inside a
seaweed cell from uptake to the conversion of biomolecules like amino acids. lllustration

modified from Syrett (1981).
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The nitrate uptake rates for N-saturated and N-starved cultivated S. latissima under realistic
environmental conditions are not well described in the literature. Previous experiments with
this species were often performed under very high nitrate concentrations, which are not
naturally found in North-Atlantic waters, and only for individuals collected from natural
populations. The capability of storing I-DIN and the time kinetics of this process are also

inadequately described for cultivated S. latissima under various nutritional states.
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2. AIMS OF THE THESIS

The main aim of this thesis was to investigate nitrogen uptake kinetics, growth
characteristics and chemical composition, with focus on the intracellular nitrogen
components for cultivated Saccharina latissima. This was performed under various
ecologically realistic scenarios, mostly representative for conditions along the Norwegian
coast (North-East Atlantic coastal waters).

The long-term goal is to use this new fundamental knowledge of the ecological niche and
nutritional requirements of S. latissima to contribute to the future development and

establishment of a Norwegian bioeconomy based on cultivated seaweed of high quality.

To achieve the main aim, four specific objectives were defined:

1) Determine the initial short-term nitrate uptake rates and the internal nitrate and
total nitrogen storage capacity for nitrogen-saturated and nitrogen-limited young
Saccharina latissima sporophytes, and with nitrate concentrations representative of
Norwegian coastal waters (Paper I).

2) Examine how various light conditions and nutrient availability affected growth and
intracellular nitrogen components in Saccharina latissima by growing adult,
cultivated sporophytes in land-based tanks with four different combinations of high
and low light and high and low nutrient supply over an experimental period of 20
days with subsequent analysis of tissue nitrogen metabolites (Paper II).

3) Examine the effects of latitude, season and cultivation depth on biomass
accumulation, chemical composition and biofouling of cultivated Saccharina latissima
by using nine locations from 58 to 69°N over a cultivating season (Paper Ill).

4) Compare how three different seeding methods of Saccharina latissima (meiospores,
gametophytes or direct seeding with juvenile sporophytes) and time of hatchery
periods will affect growth and protein content during 80 and 120 days of sea

cultivation (Paper IV).
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3. METHODS

Nutrient uptake kinetics
There are several different methods that can be used to measure nutrient uptake rates in

macroalgae (Harrison et al. 1989), and the method used can affect the results substantially.
This includes choice of tissue parts (whole sporophyte vs. thallus discs), how the nutrient
preconditioning is carried out (number of days), varying biomass in relation to volume of
medium during the experiment, incubation time and normalisation of uptake rates (Lubsch
and Timmermans 2019). In the experiment with S. latissima in Paper I, whole sporophytes
were used instead of thallus discs for each substrate concentration, as this has several
advantages, such as including interplant variations, which will give a more accurate estimate

of plant population response (Harrison and Druehl 1982).

Laboratory measurements of nutrient uptake in seaweeds are normally performed by adding
epiphyte-free tissue to seawater with saturating levels of all nutrients, trace metals and
vitamins, except for the nutrient being studied. There are two main techniques commonly
used for measuring nutrient uptake rates in the laboratory: the perturbation method and
the multiple flask technique (Harrison et al. 1989). A combination of these two techniques
was used in Paper | to study the short-term uptake of NOs" at seven different substrate
concentrations, taking out samples over a time interval of 90 min. The short-term nitrate
uptake reflects the instantaneous uptake following a perturbation in nutrient concentration.
The uptake rate will be constant for a short time after perturbation before intracellular
feedback from the increasing nutrient content in the algal tissues and before the ambient
concentration has been substantially reduced. The uptake rate depends on the initial
nutritional state of the algae. Uptake rates measured over a long period of time will become

proportional to and vary with the growth rate.

Nitrate was measured in water samples analysed colorimetrically at 550 nm after the
reduction of NO3 to NO; through a copperised cadmium coil in a Flow Solution IV System,

O. I. Analytical Auto Analyser following Norwegian Standard 4745 (NSF 1975).
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The uptake rates were determined according to Equation 1:

_ (Si—Sf) x vol
T txDW

/4 X 24 (1)

where V is the specific uptake rate (ug N gt DW day?), Si is the initial substrate
concentration (ug NOs-N L), St is the final substrate concentration (ug NOs-N L?), vol is the
volume (L), t is the time between sampling (h) and DW is the dry weight of the total biomass

in the flask (g).

Growth measurements
The S. latissima seedlings were produced according to the cultivation protocol published by

Forbord et al. (2018) using the seaweed hatchery at Seaweed Energy Solutions for Papers |
and Il and the hatchery at SINTEF Sealab for Papers Il and IV. Some dissimilarity may occur

between the hatchery procedures.

Seaweed growth can be measured in several ways; the most common is frond elongation or
biomass increase between two registration points or total increase during the cultivation
period. Length can be measured by either using the punch hole method (Parke 1948),
following the movement over time of one point (hole) in the meristem (Paper Il), or measuring
length of the whole lamina from above the stipe to the distal end (Paper Ill and IV). The
advantage of measuring frond elongation is that it is an easy and fast method that does not
require much equipment, and destruction of the biomass is not necessary as the
measurements can be made on seaweed still attached to the cultivation lines. The drawback
is that you need a large number of sporophytes to include the intraspecific variations in length

that normally occur on a rope due to self-shading and individual growth performances.

The measurement of the total biomass yield (Paper Ill and IV) is relevant to use for large-scale
cultivation when the overall production is more important than the growth of single
individuals, and when comparing growth from one year to another on the same cultivation
site. The drawbacks using this method are seen when weighing fresh biomass; the water
included in the measurements has a large impact on the final weight, and how much water is
shaken off before applying the method is variable. It is also challenging to perform the
weighing while the biomass is still attached to the cultivation lines. Weighing the dry weight

is much more accurate, but it requires harvesting and destruction of the biomass, which is not
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always feasible. Any fouling of the biomass can also contribute substantially to the final
weight, a problem that is experienced during the summer and fall. It is crucial to bear this in
mind when comparing weights between different sites, as the biofouling will vary a lot

depending on season, latitude and environmental factors such as salinity, as seen in Paper Il

The area of the sporophytes has been shown to give a good estimate of the standing biomass
(Stagnol et al. 2016) and the increase in width, as with length, can vary considerably during
the growth season and reflect the grade of exposure (Foldal 2018). The width will also be
affected by the sporophyte density on the cultivation substrate (Peteiro and Freire 2013). The
width is measured across the widest area of the lamina (Paper IV), and the area is calculated

according to Broch et al. (2013):
Area =0.75 * length * width

Growth can be estimated based on how fast the kelp grows relative to time, e.g. per day and
length increment (u, day™), as reported in Paper IV. This can be calculated as the relative

growth rate (RGR, Equation 2):

(=79
RGR (day™1) = = (2)
0
where L; represents length, area or biomass at a given sampling date, Lo the length, area or
biomass at the previous sampling date, and T is the elapsed time (days) between these

sampling days.

The RGR can be further compared to the specific initial cellular nitrogen-based uptake rate (U,
Equation 3; Paper 1), where U will mirror the capacity of S. latissima to sustain growth at given
ambient concentrations of nitrate. Thus, under steady state conditions, when the processes
of uptake and growth are balanced and Qn remains constant, an estimated U value can
potentially correspond to the steady state growth rate (u, day?) that is achievable by the algae

at that concentration.

-V
U=gox24 (3)

where U is the specific initial cellular N based uptake rate (day?), V is the specific uptake rate

based on biomass (ug gt DW h?), and Qu is the total tissue nitrogen (ug N g* DW).
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To quantify the number of seedlings covering the twine substrate and how this correlates
with growth performances at sea, a new method was tested by collecting images of the
seeded ropes two days prior to deployment in Paper IV. The values presented were
normalised to a percentage of the output range, where 0% is a clean, white substrate and

100% is a substrate completely covered by sporophytes (Figure 3.1).

542 528 S21
Coverage: 84% Coverage: 58% Coverage: 25%

Figure 3.1: Colour images of substrate (top row) and corresponding saturation image planes
(bottom row). Treatment S42 (left) had an average substrate coverage of 84%, treatment
$28 (mid) with an average substrate coverage of 58% and treatment S21 (right) with an

average substrate coverage of 25%.

Estimation of total tissue nitrogen and protein content
Proteins are polypeptides formed from amino acids (AA) through amide linkages (peptide-

bonds). These bonds are synthesised by the carboxyl group of the AA at the end of the growing
peptide chain, which reacts with the amino group of an incoming free AA, thereby releasing a
water molecule (Safi et al. 2018). For extraction, seaweed proteins can be found in soluble
and insoluble forms, with a ratio that is dependent on the species selected and the extraction
method used. Several methods are available for the determination of total soluble proteins.
These can be based on colorimetric assays, such as the Lowry method (Lowry et al. 1951),

where the presence of the peptide bonds or the presence of certain AAs plays a role for
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protein quantification. Another approach is the determination of the total amount of nitrogen
present (Qn) in the sample, as seen in the Kjeldahl method (Kjeldahl 1883). The total nitrogen
can be converted into total protein content because each peptide bond contains a nitrogen
atom, although some AAs have additional nitrogen atoms in their structure. The commonly
used nitrogen-to-protein conversion factor (K,) of 6.25 often used for seaweed tends to
overestimate the protein content (Lourenco et al. 2002; Maehre et al. 2018) because this
factor presupposes that the nitrogen content of the protein is 16%, which generally applies
for animal proteins (Mariotti et al. 2008). Algae commonly have high concentrations of non-
protein nitrogenous substances such as pigments, nucleic acids, free amino acids and
inorganic nitrogen (nitrate, nitrite and ammonia), so the nitrogen content is significantly lower
than 16% (Jones 1941). Specific Kp-values for different species, seasons and locations are

required to improve the protein content estimate.

The most precise method for protein determination has been suggested to be the analysis of
total amino acid concentration (Angell et al. 2016; Mahre et al. 2018). Protein content is then
calculated as the difference between the total mass of AA isolated after sample hydrolysis and
the mass of water bound to the AA unit after destruction of the peptide bond (18 g of H,0 per
mole of amino acid). The specific nitrogen-to-protein conversion factors (Kp) calculated are

according to Mosse (1990):

_ (AA=11)
Ky ==

(4)

where AA is the sum of amino acid residues in mg g* DW (the sum of amino acids after
subtracting the molecular weight of water) and N is the total nitrogen content (mg g DW,
Qn). The total sum of the amino acids is multiplied by 1.1 to correct for the amino acids that
are excluded from HPLC analysis due to destruction during acid hydrolysis (Watanabe et al.

1983; @ie and Olsen 1997). The estimated protein content for each sample is accordingly

determined by multiplying total Qn with its corresponding K, conversion factor.

In Paper lll, the AA for all locations, sampling points and depths were analysed and used to
calculate the corresponding K, from Equation 4 and the subsequent protein content. The
overall K, average of 3.8 £ 0.1 found in this study across locations, depths and seasons lies
within the range of previously published values of 2.0 and 6.25 (Schiener et al. 2015; Angell et
al. 2016; Nielsen et al. 2016; Biancarosa et al. 2017; Manns et al. 2017; Sharma et al. 2018;
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Bak et al. 2019). In cases where the AA contents were not analysed, the mean K, of 3.8 found
in Paper Il was used to calculate the protein content according to the Kjeldahl method in

Paper Il and season- and location-specific Kps of 3.6 (May) and 4.3 (June) were used in Paper

V.

In Paper Il, the outcome of the Kjeldahl method with a K, of 3.8 was compared with the
colorimetric Bio-Rad DC Protein Assay (BIO-RAD 2013), which is an improved version of the
Lowry assay. The first method gave a slightly higher protein yield than the latter method for
all treatments, except the surface water and high light treatment (S1; Figure 3.2), but the

differences were not significant for any of the treatments (p > 0.05).
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Figure 3.2: Comparison of protein content (mg g DW) from the nitrogen-to-protein
conversion factor (K;) of 3.8 and Bio-Rad (Lowry) analysis for the four different treatments in

Paper Il. Mean + SE, n=8.

Both the Lowry and Kjeldahl methods are indirect protein determinations; the only way to
directly determine protein content is by AA analysis (Mahre et al. 2018; Safi et al. 2018).
Comparison of the outcome of different protein assays should be performed with caution as

the methods are based on different principles and, as such, can result in different values.
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Estimation of internal intracellular nitrate
There are different methods for analysing the internal nitrate pools (I-DIN) accumulated in the

vacuoles of the macroalgae (Young et al. 2007). A common method used in Papers I, Il and IlI
was to boil fresh tissue fragments for 30 min in distilled water, causing the cells to rupture and
the NO3™ content to leak into the surrounding water (Fujita et al. 1988; Hurd et al. 1996). The
concentration of I-DIN was measured in the extracts using an Auto Analyser (Flow Solution IV
System, 0.l Analytical) following Norwegian Standard 4745 (NSF 1975). Other common
analytical methods include boiling thallus pieces in water for 10 min followed by overnight
extraction at 4 °C and ethanol extraction of ground tissue overnight at room temperature
(Young et al. 2007). Due to the different extraction methods, the comparison of I-DIN content

with previous experiments should be performed with caution.
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4. MAIN RESULTS AND DISCUSSION

Nutrient uptake kinetics
Seaweed aquaculture can potentially remove over 75,000 tons of nitrogen year™ by

producing 2 million tons (DW) of seaweed over an area of 1250 km?, an equivalent of 60.3 t
N km2 year? based on an estimated Qu content of 37.6 mg N g™* DW (Xiao et al. 2017). The
potential for using seaweed for bioremediation is accordingly huge. In Norway, the idea has
primarily been to use for seaweed in integrated multi-trophic aquaculture (IMTA) where
species from lower trophic levels are co-cultured to utilise waste nutrients from fed species.
This has been suggested as a strategy to mitigate the potentially negative environmental
impacts of nutrient release from fish cage aquaculture (Chopin et al. 2001; Handa et al.
2013; Fossberg et al. 2018). The seaweed cultured in this system primarily use ammonium

(NH4*) as their main nitrogen source.

In order to understand the physiology, nutrient kinetics and successful implementation of
seaweed into a sustainable bio-based economy, it is necessary to grasp fundamental
concepts, such as the response to nutrient additions, nutrient uptake rates and storage
capacity in relation to resource availability. The results can contribute to the optimisation of
seaweed production, evaluation of the bioremediation potential, and at the same time gain
a better understanding of the ecophysiology in relation to resource availability. In Paper |,
the initial short-term uptake rates of NOs  were determined for variable ambient
concentrations of nitrate (1.7 — 18.5 uM) for nitrogen-saturated and nitrogen-limited
juvenile sporophytes of S. latissima. The results revealed that S. latissima with deficient
internal nitrogen pools (Qn and I-DIN) exhibited significantly higher (p < 0.001) initial uptake
rates of NOs3™ than sporophytes with higher internal nitrogen pools (see Figure 2 in Paper I).
For both nutrient-deficient (r = 0.98, R=0.95, p < 0.001) and -saturated (r = 0.91, R?2=0.83,
p < 0.001) sporophytes, the uptake rates of nitrate showed strong positive and significant
correlations to the substrate concentration within their natural range. This is an advantage
which enables them to take up the nutrient more quickly when it becomes available. No
clear saturation level was found for nitrate concentration exceeding double the maximum

deep-water concentration potentially experienced in North-East Atlantic water, indicating
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that the concentration to reach saturation must be higher than tested in the current

experiment.

Large differences in nutrient uptake are found between seaweed species, with fast-growing
species having larger uptake capabilities than slower growing species with differentiate
tissues, like S. latissima. The slope of the linear portion of the curve (a) is useful when
comparing the uptake abilities of two species or between experiments. A high a (steep linear
slope) indicates a high affinity for nitrate at low concentrations, expressing water volume
cleared for NOs™ per time and biomass. The a for uptake rates based on DW (V; Figure 2 in
Paper I) was significantly lower (p < 0.001) for the N-saturated (26 + 0.03) then for the N-
limited (0.41 £ 0.03) sporophytes. These values are comparable to findings for first year L.
groenlandica (0.32 + 0.04) while two and three year-old sporophytes of the same species
were much lower (0.10 £ 0.01 and 0.09 + 0.01), suggesting that the uptake rates decrease
with age (Harrison et al. 1986).

Growth

The marine environment is heterogeneous, and environmental conditions (i.e. nutrient
supply, temperature, light, exposure to waves and currents, etc.) can vary greatly on a small
scale. Since kelps are sessile organisms, they must tolerate the physiochemical conditions in
their surrounding environment to be able to grow (Kerrison et al. 2015). The environmental
conditions at a particular site should be adequately known before it is used for large scale
seaweed cultivation to minimise failures. Pilot investigations should be undertaken to
determine the feasibility of the location, including knowledge on suitable cultivation depths

and the appropriate deployment and harvesting windows.

Seaweed farms for S. latissima should be located where the temperature is within the range
of 5-15°C for most of the year, and the temperature should not exceed 20°C for more than a
few days (Kerrison et al. 2015). This temperature window makes almost the entire coast of
Norway suitable for S. latissima cultivation, especially when the biomass is harvested before
summer, as is normally the case in southern and central parts of Norway (Paper Ill). Climate
change may represent a future challenge for the cultivation of a cool temperate kelp species
such as S. latissima (Park et al. 2017). Moving cultivation operations further north or offshore
and developing breeding programs for more temperature-tolerant strains, can be ways to

mitigate these challenges.
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Salinity should ideally be between 30-35 psu and locations should not have seasonal or
sporadic reductions in salinity much below this level because abrupt, even short-term
reductions in salinity can severely inhibit kelp growth, as explicitly seen in Paper Ill (Figure 4.3
b). Salinity in the surface waters in fjord locations may be significantly lower than recorded,
particularly during periods of heavy snow melt or rainfall (Mortensen 2017). A solution for
these locations could be to lower the seaweed to depths of 8-9 m in spring/summer, where a
significant increase in sporophyte length and significantly higher protein content were

detected for some locations in Paper lll.

Growth was not measured during the experiment in Paper | due to the short-term design of
the study, but both the N-saturated and the N-limited sporophyte groups increased their
length during the 8 days of preconditioning (data not shown). The bleaching of the tissue and
the low Qn and I-DIN content for the N-limited sporophytes clearly supported high growth
during the preconditioning phase when the algae consumed intracellular nitrogen from
pigments and internal storage, and most likely from proteins and other N-containing
components as well. The uptake rates are strongly connected to growth since the nitrogen
taken up is converted into biomolecules essential for sustaining tissue accumulation and

survival.

The value of the nitrogen-specific uptake rate (U, day?) during steady-state growth is equal to
the carbon specific growth rate (1) and can reflect the capacity of S. latissima to sustain growth
at given ambient concentrations of nitrate, even though uptake and growth are not directly
coupled. Thus, under steady-state conditions, when the processes of uptake and growth are
in the balance and gives a constant Qn, an estimated U value can potentially correspond to
the steady-state growth rate (y, day?) that is achievable by the algae at that nitrate
concentration. The sporophytes in Paper | were acclimatised to nutrient-deficient and
nutrient-sufficient conditions, aiming to achieve growth at steady-state conditions. Figure 4.1
(left) shows the potential maximum relative growth rates (RGR, day?), equal to U during
steady-state conditions, which can be achieved for the given nitrate concentrations and
nutritional states, and is reflected by Qn. The current U values correspond well with the RGR
(day™) of cultivated S. latissima based on an increase in length in the period from May to June

in Central Norway found in Paper IV (Figure 4.1, right), where the RGR fluctuated between
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0.02 and 0.05 day. The ambient NO3™ concentration was found to vary between 0.4 and 6.6

UM in that region in that period (unpublished data).
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Figure 4.1: The N-specific uptake rates (U) of nitrogen saturated (e) and nitrogen limited (o)
sporophytes from Paper I (left) corresponds well with the RGR-values (¢) in Paper IV (right,
right axis).

Paper Il was designed to have one “winter condition” with low light intensity and high nutrient
availability (D4) and one “summer condition” with high light intensity and low nutrient

availability (S1). In addition, two conditions seldom seen in nature were tested: high light in a

combination with high nutrient (D1) and low light with low nutrient (S4).

S1: Surface water and one layer of plant cover filter (‘high light, low nutrient’)
S4: Surface water and four layers of plant cover filter (‘low light, low nutrient’)
D1: Deep water and one layer of plant cover filter (‘high light, high nutrient’)

D4: Deep water and four layers of plant cover filter (‘low light, high nutrient’)

The first of these two uncommon conditions can be experienced during summer if a storm
breaks the stratified surface layer and brings nutrient rich deep-water to the surface. The
latter uncommon condition can be found during summer under a surface layer that is highly

affected by freshwater runoff and with particles diminishing the light intensity.

The mean growth rates for sporophytes grown in surface water were not significantly different
for those grown in high light (S1, 0.27 £ 0.11 mm day) and low light (S4, 0.22 + 0.10 mm day

1 p > 0.05). However, for deep water, sporophytes grown in low light showed a growth rate
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that was significantly higher (D4, 0.744+ 0.12 mm day™) than those grown in high light (D1,
0.48 + 0.16 mm day™, p < 0.01, Figure 4.7). This may be a result of the higher nitrate (E-DIN)
measured for low light treatments (D4) compared to high light treatments (D1, Figure 4.2).

A possible explanation for the difference in E-DIN concentration in tanks receiving similar deep
water might be that there were accidental differences in the water supply rate to the tanks or
of minor variation in the biomass distribution. It may also be an effect of a differences in the
community of opportunistic diatoms, which was observed growing on some of the tank walls,
but not quantified. The measured increase in E-DIN concentration for all tanks during the
experimental period is probably explained by the decrease in biomass, as sporophytes were
removed systematically for chemical analysis. This increase was only significant (p < 0.05) for

treatments receiving surface water (S1 and S4).

- 04

External nitrate (E-DIM, pg MGy L)

Figure 4.2: Concentration of external nitrate (E-DIN, ug NOs™ L) in different treatments (D1,
D4, S1, S4) during the acclimation and experimental period. Boxplots show lower, middle,
and upper quantiles. Notches extend to median = 1.58 * IQR /sqrt(n) and gives a rough 95%
confidence interval for the median. Whiskers extend from the hinge to the largest or

smallest value within 1.5*IQR from the hinge.

The mean growth rate of the sporophytes for all treatments combined was positively related
to the mean E-DIN concentration during the experimental period (r=0.82, p < 0.001), whereas
there was no clear pattern between growth rate and light level. This indicated that nitrate was

the primary controlling factor for growth in both high and low light treatments. This conclusion
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agrees with the general pattern of variation found in intracellular nitrogen components in the
sporophytes (see section "Intracellular nitrogen components"). The significant positive
relationship between growth rate and E-DIN concentration found in this study has been
reported in previous experiments, both for tank cultivation and experiments at sea (Handa et

al. 2013; Boderskov et al. 2016).

Another factor that may have affected the differences in growth, outlined in Paper Il, could
be the light intensity was measured to be above the tolerance limit for S. latissima, thus
causing photoinhibition and diminishing growth for parts of the experiment. One of the ‘high
light, high nutrient’ (D1) treatment tanks had 24 days where recorded light levels reached 250
umol m2 st during the day (data not shown), which might have caused photoinhibition. It has
been shown that S. latissima grown from 10-15 °C at a light intensity of 250 umol m2 s*
showed a 50% lower growth rate compared with kelps grown at 110 umol m2 s which was

found to be the optimum for photon flux in this temperature range (Fortes and Liining 1980).

Paper lll showed that frond lengths and biomass yields were higher at a depth of 1-2 m than
at 8-9 m for all nine experimental locations during most of the cultivation period (Figure 4.3).
Across all locations, mean maximum frond length was 48.9 £ 9.5 cm at a cultivation depth of
1-2 m and 43.0 £ 10.6 cm at a cultivation depth of 8-9 m, while biomass reached mean
maximum yield across all locations of 4.5 + 1.8 kg m™ at a cultivation depth of 1-2 m and 2.3
+ 1.0 kg m™® at a cultivation depth of 8-9 m (see Figure 2 in Paper Ill). E-DIN concentrations
were not measured, but we found that light availability had a significant positive impact on
seaweed frond length (p < 0.001) and the reduced light availability at a depth of 8-9 m was
probably the main reason for the poor sporophyte growth. During the summer, however,
shorter frond lengths and lower biomass yields were found at a depth of 1-2 m than at 8—9 m
at several locations. This was presumably an effect of high freshwater runoff in the surface
layer resulting in lower E-DIN concentrations, or of high irradiance that may suppress algal
growth (Fortes and Lining 1980; Spurkland and Iken 2011). Exposure to light intensities of
500-700 umol m=2 s for 1-2 hours can lead to significant photodamage in S. latissima and
may, in turn, cause losses of biomass and even death of tissues (Bruhn and Gerard 1996;
Hanelt et al. 1997). Because high irradiances (>700 umol m2 st) were only measured for less
than 2 h at most of the cultivation sites, low salinity was a more likely cause of lower growth

at a depth of 1-2 m during summer.
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Figure 4.3: Differences in frond size and density of S. latissima A) between the 1-2 m
cultivation depth (top rope) and the 8-9 m cultivation depth (bottom rope) after 69 days of
cultivation at sea (18/4-2017) at location 2-60°N; B) 1-2 m depth (top rope) compared to 89
m depth (bottom rope) after 146 days of cultivation at sea (07/7-2017) at location 7-67°N with

a freshwater-influenced surface layer.

Paper lll also revealed that frond length and biomass yield of S. latissima peaked 5 and 8 weeks
later in the northern (9-69°N) than in the central (6-63°N) and southern (1-58°N) locations
(Figure 4.4), respectively, probably because of seasonal differences in temperature, daylight
and an earlier depletion of ambient inorganic nutrients by phytoplankton blooms in the lower
than in the high latitudes (Rey et al. 2007; Ibrahim et al. 2014). This can result in the potential
to supply seaweed biomass to the consumer market or processing industry for an extended
period. Frond lengths and biomass yield varied greatly between the nine cultivation sites
investigated (Figure 4.4). Maximum frond lengths varied between 15 and 100 cm, and
maximum biomass yields between 0.2 and 14 kg m2. The highest growth was registered at
central (6-63°N, in summer) and northern (9-69°N, in autumn) locations. This was probably
because the central location offered the only semi-exposed conditions in the experiment, a
location that is suitable for S. latissima growth. The northern location had a longer period of
high ambient nutrient supply than the locations further south, which were also favourable for

good growth. This, together with high salinity and low temperatures during the entire
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cultivation period, made these two locations best suited for S. latissima cultivation among the

sites tested when deploying seed lines in February.

Figure 4.4: Nine stations along the Norwegian coast participating in cultivation experiments

during large parts of 2017.

One important finding from Paper IV was that the size and age of the seedlings at
deployment had a significant effect on the sporophyte frond lengths and yields after a
growth period of 80 and 120 days at sea. All 11 different treatments tested were deployed
randomly at the same farm on the same day, experiencing the same environmental
conditions. The method of seeding lines with spores incubated in the hatchery for 42 days
(542) prior to deployment gave significantly (p < 0.001) better results for length, yield and
area measurements than the lines seeded with gametophytes or juvenile sporophytes, and
those kept in the hatchery for less than 42 days (Figure 4.1, right and Figures 7 and 8a in
Paper IV). One possible explanation for this result could be that the long incubation period in
the hatchery before deployment stimulated the development into sporophytes from a

higher number of spores than the treatments with shorter incubation times. The S42
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treatment was also used to produce the seedlings in Paper lll and other previous
experiments in Norway (Forbord et al. 2012; Handa et al. 2013; Fossberg et al. 2018; Sharma
et al. 2018). The shortest fronds and lowest biomass yield were registered for the direct
seeded treatments using a commercial glue to attach the sporophytes to the ropes on the
day of deployment. This could be explained by the juvenile sporophytes grown in culture
flasks having less developed hapetra compared to the sporophytes on rope in the
incubators, and the fact that the first period at sea was used to develop a proper attachment
to the substrate instead of frond elongation. These large differences might have levelled out
by a longer cultivation period at sea by deployment in e.g. August—September instead of

February.

The treatment showing the highest substrate coverage after the hatchery phase was spore
treatment S42 with an average coverage of 84%. The spore treatments with 28 and 21 days
of incubation had a coverage of 58% and 25%, respectively (Figure 3.1). For the gametophyte
seeding, the G28 treatment with 28 days of incubation had a substrate coverage of 43% on
average compared to G21 and G14 with a coverage of 25% and 9%, respectively. The GF14
treatment that was induced in white light before seeding and incubated in the hatchery for
the same number of days as the G14 treatment had a coverage of 10%. The relationship
between mean frond length (cm) after 90 (May) and 120 (June) days of sea cultivation and
the substrate coverage (%) before deployment revealed strong positive correlations (May; r
=0.84, June; r =0.90). Linear regression was used to fit straight lines to the data (Figure 4.5),
and the linear association reached statistical significance for both May (R*= 0.7, p = 0.018)
and June (R?=0.8, p = 0.006). We demonstrate a possible first step through the
measurement of the substrate coverage as a form of early-stage control of the seedling
quality and expected quantity of biomass produced. The method makes processing a large
number of images possible with little effort compared to manual counting/analysis of the

substrate itself or images of it.
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Figure 4.5: The mean frond length (cm) for May and June as a function of the substrate
coverage (%) at deployment in sea in February, with regression lines showing the linear

trends.

The seed lines in Paper Ill and IV were deployed at sea in February for several reasons: (i)
naturally occurring sori were present, eliminating the need to establish cultures of
gametophytes or to artificially induce sori (Forbord et al. 2012), which is time- and resource-
demanding; (ii) light conditions were adequate to allow seedlings to grow immediately upon
deployment (Handa et al. 2013); and (iii) ambient nutrient levels were high (Broch et al. 2013;
Broch et al. 2019). It is likely advantageous for most farmers in southern Norway and
temperate Europe to deploy their seed lines before February. Even earlier deployment in the
preceding summer or fall may be advisable as the maximum growth potential of S. latissima
recorded in commercial harvests deployed in September-October (personal communication
with Norwegian seaweed farmers) was never reached south of 63°N (Paper Ill). Early
deployment could also be profitable for seaweed farmers further north, as S. latissima
deployed in August in Central Norway has previously shown significantly longer fronds the
following June than sporophytes deployed in November and February (Handa et al. 2013), and
deployment date has shown to be one of the most important factors affecting yields of
seaweed cultivation (Camus et al. 2018). The drawback of deployments in the fall compared

to the late winter could be an increased risk of losing biomass due to winter storms, the
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entangling of lines and other unforeseen events over a long cultivation period in the sea.
Another disadvantage of deployment in the fall is that the juvenile sporophyte stages of kelp
can be very sensitive to high light levels (Augyte et al. 2019). In these cases, initial deployment
at a greater depth could be beneficial.

Intracellular nitrogen components

As for growth, environmental conditions are likely to affect the chemical composition of the
seaweed (Kerrison et al. 2015; Schiener et al. 2015), and, in turn, the type of products that
the biomass can be used for. Seaweed for human consumption or for high quality products
like cosmetics and pharmaceuticals must be harvested before the onset of fouling organisms
to avoid quality deterioration. If the biomass is used as a raw material for the provision of
valuable compounds like proteins, the grade of fouling is less critical.

Proteins

The average nitrogen-to-protein conversion factors (Kp) used to determine the protein
content for S. latissima found in Paper lll did not exhibit a seasonal or latitudinal trend, but
varied across locations, depths and sampling dates with an average of 3.9 + 0.3 for a depth
of 1-2 m and 3.7 £ 0.2 for a depth of 8-9 m (see Table 4 in Paper Ill). The K, was only
significantly higher (p > 0.05) at 1-2 m than at 8-9 m when kelp was affected by freshwater
runoff. We conclude that the overall average Ky value of 3.8 £ 0.1 found across all locations
and depths is acceptable to use for S. latissima cultivated at different depths and at different
locations in full marine salinity conditions along the Norwegian coast. This evaluated
conversion factor will improve the protein content estimate and propose a new K, for

cultivated S. latissima in Norway.

In the tank cultivation experiment in Paper Il, the high- and low-light conditions were
mimicking different cultivation depths, and the high- and low-nitrogen availability was
mimicking different seasons. The protein content (calculated from Qn*3.8) differed

significantly (p < 0.05) between the treatments in the following order:
D4:72.8 + 3.0 mg protein g™ DW (low light, high nutrient)

D1:50.4 £ 2.9 mg protein g'* DW (high light, high nutrient)

S4:41.0 + 1.8 mg protein g DW (low light, low nutrient)

S1:34.7 + 2.1 mg protein g DW (high light, low nutrient)
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The treatments given high nutrients had higher protein contents than low nutrient
treatments, with the highest protein content found in a combination of high nutrient and low
light (D4, Figure 4.8 lower panel). This can be understood because of the higher E-DIN
concentration in the D4 tanks compared to the other treatments (Figure 4.2), already
discussed in the "Growth" section. It has also been suggested that a higher protein content
found in seaweed at deeper waters is the result of reduced light exposure (Ak and Yiicesan

2012).

Protein content from the nine different locations in Paper Il (Figure 4.4) ranged from 23.0 +
0.5to 101 + 4.0 mg g DW at a depth of 1-2 m and from 22.0 + 0.1 to 110 £ 0.6 mg g'* DW at
8-9 m. Differences between depths were only statistically significant (p < 0.001) at four of
the nine locations (Figure 4.6). Depth differences were greatest at fjord locations with a
surface freshwater layer (4-60°N and 7-67°N) together with two of the locations with early
and high biofouling activity (2-60°N and 5-61°N). As in Paper I, this is likely a result of a

higher E-DIN concentration at greater depths together with reduced light exposure.
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Figure 4.6: Protein content (mg protein g™* DW) for nine experimental sites and two depths
measured before clearly visible biofouling occurred (sampling date indicated in parentheses
after each location name). Asterisk on top of the bars indicates significant differences (p <

0.001) between depths. Mean % SE, n = 3.
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Seasonally, the protein content measured in Paper Ill was higher by a factor of 3 in the
spring than in the summer, which is in agreement with a 4- to 8-fold difference in protein
content found for S. latissima between winter/spring and summer in Denmark and the Faroe
Islands (Marinho et al. 2015a; Mols-Mortensen et al. 2017). As also seen from Paper lll, the
protein content was higher at high than at low latitudes throughout the cultivation period,
following the latitudinal pattern in E-DIN fluctuation (Harnedy and FitzGerald 2011). All three
freshwater-influenced sites (4-60°N, 7-67°N and 8-67°N, Figure 4.4) deviated from the

general latitudinal pattern of an increase in protein content from south to north.

In Paper IV, a seasonally decrease in protein content was evident for all 11 treatments and
the mean content was 73.3 + 2.4 mg g! DW in May and 57.2 + 1.5 mg g* DW in June. The
content was lower than that found in May and June in the previous year in Paper lll in the
same area (6-63°N) at a depth of 1-2 m. The location used for Paper IV was a sheltered site
compared to the semi-exposed site used in Paper Ill, which probably resulted in a higher E-
DIN concentration, which again led to a higher protein content. The 11 treatments in Paper
IV, with different ages, sizes, and densities, were deployed on the same day at the same
location. The size and density of the seedlings upon deployment had a significant effect on
the length and yield after 120 days at sea but did not affect the protein content substantially
(no statistical analysis could be run due to n=2). Because the sea cultivation conditions were
similar for all treatments, no large differences were expected to be found in the protein

content between them.

Total intracellular nitrogen content
There was a strong relationship between growth and the content of tissue nitrogen (Qn) as

well as for I-DIN and E-DIN (Figure 4.7). While the growth rate showed clear saturation
relationships to both E-DIN and I-DIN, the relationship between growth rate, Qu and protein
appeared linear and more scattered (see Tables 2 and 3 in Paper Il to review the statistical

coefficients obtained for the relations illustrated in Figure 4.7).
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Figure 4.7: Sporophyte growth rate in length (mm day™) as a function of external and
internal nitrogen components. A: Growth rate (mm day™) as a function of external nitrate
concentration (E-DIN); B: Growth rate (mm day™) as a function of intracellular nitrate
contents (I-DIN); C: Growth rate (mm day™?) as a function of total intracellular nitrogen (Qx,
mg N g1 DW) and protein (mg protein g’* DW). Bars express 1 SE of the mean if exceeding

symbols.

The critical level of Quis defined as the lowest value that will result in positive growth,
referred to as Qo for microalgae, while Qu defines the lowest value of Qn at which maximum
growth may occur (Droop 1968; Droop 1973). Qn can be higher than Qu, which will reflect
the storage of I-DIN or organic N-components. The Qu measured for juvenile sporophytes
after N-starvation in Paper | was 19.7 mg N g DW, while the adult sporophytes in Paper I
were found to have a Qu as low as 10 mg N g'* DW while still sustaining positive growth. The
Qn values of 6.2 and 13.2 mg N g'* DW found for sporophytes under N-limitation in Paper llI
and IV, respectively, underscore the suggestion that adult sporophytes can sustain growth at
lower Qn than younger plants (Table 1). The Quvalue will likely vary between species and

their developmental stages.
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Table 4.1: Sporophyte stage, E-DIN, Qn and I-DIN values from the different papers under N-

limited and N-saturated conditions. *min value in the season, ** max value in the season,

N.A = not analysed.

Prior to experiment

Paper |

During tank cultivation

Paper Il

Paper Il

During sea cultivation

Paper IV

During sea cultivation

Nutrient status
Sporophyte stage
E-DIN (ug NOs L)
Qu (mg N g* DW)
I-DIN (mg N g* DW)

Limited

Juvenile Juvenile

14 140
19.7 29.5
0.002 0.46

Adult

5.

1

10

0.05

Adult
36.6
19.2
0.69

Saturated Limited Saturated

Limited
Adult
N.A
6.2*
0.001*

Saturated
Young
N.A
39.1**
0.700**

Limited Saturated
Adult Adult

N.A N.A
13.2* 20.5%*
N.A N.A

In Paper Il, the Qn-values were found to increase with increasing ambient nitrogen

concentrations (Figure 4.8, lower panel) and has been suggested to act as a reliable indicator

of the physiological nutritional state of the seaweeds (Paper |, Il and Ill).
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Figure 4.8: Intracellular nitrogen components as a function of mean external nitrate

concentration (E-DIN, pg N L%). Upper panel: Intracellular nitrate (I-DIN, mg N g* DW), Lower

panel: Total intracellular nitrogen (Qn, mg N g DW) and protein (PROT, mg protein g™* DW).

Bars express 1SE of the mean if exceeding symbols.
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The feasibility of Qn as an indicator of nutritional state for S. latissima was apparent in Paper
Il over longer cultivation periods along the Norwegian coast, where Qn was highest early in
the season and at greater depths and high latitudes where nitrate was not yet depleted by
phytoplankton blooms (Figure 4.9). The decline in Qu content in S. latissima during the
spring and summer is understood as a consequence of metabolic demands exceeding
nutrient uptake during growth. It has been suggested that seaweeds in general are more
sensitive to environmental changes when their intracellular nitrogen reserves are exhausted
(Gerard 1997; Gao et al. 2013), like biofouling settlement. This agreed with the situation at
most locations in Paper Il where the algae was heavily overgrown by epibionts during the
late spring and summer at times when the Qn content was low and the fouling organisms
contributed to raise the Qn -content to as much as 53.4 mg N g DW before terminating the

experiment (Figure 4.9).
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Figure 4.9: Latitudinal and seasonal pattern in total nitrogen content (Qn, mg N g'* DW) of S.
latissima from nine experimental sites at depths of 1-2 m and 8-9 m depth across a

sampling period. Mean + SE, n = 3.

Intracellular nitrate content
It has previously been stated that seaweeds have the ability to store nitrate for use for growth

in periods where the ambient nitrogen is low, e.g. during the late spring and summer, and that
this storage can constitute up to 5-10% of the total tissue N (Harrison and Hurd 2001). Some
species can store NOs in their vacuoles when the NOs™ concentration of the seawater is high
and use it for growth when the NOs™ concentration in the seawater is limited (Chapman et al.
1978), whereas others may have very limited storage capabilities. Correspondingly, high
internal tissue concentrations indicate nutrient storage, while low internal tissue
concentrations may indicate nutrient deficiency (Paper I, ll, lll). The differentiation into
meristematic, photosynthetic and supportive tissues in S. latissima may, however, reduce the

need for internal nutrient storage to sustain growth (Duarte 1995; Pedersen and Borum 1996).

Cultivated S. latissima did not exhibit high storage capability of internal inorganic nitrate (I-
DIN)in any of the experiments in Papers |, Il or lll, even though the sporophytes were exposed
to high ambient NO3 concentrations over many weeks in Papers Il and Il (Table 4.1). In Paper
I, N-starved sporophytes had a maximum I-DIN concentration of 0.12 + 0.01 mg NOs™ g’ DW
(0.02 % of Qn), and the N-saturated sporophytes had a maximum I-DIN of 0.60 + 0.08 mg NOs"
g1 DW (1.6 % of Qn). Linear regression did not reveal a significant relationship between I-DIN
content and E-DIN concentration for either N-saturated (r = 0.196, R2=0.038, p = 0.359) or N-
limited sporophytes (r = 0.034, R? = 0.001, p = 0.880, Figure 4.10). This suggests that the
exposure time kinetics of I-DIN accumulation is slower and that I-DIN because of the low

contents is not an important nitrogen storage that can support algal growth for a long time.
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Figure 4.10: Mean intracellular nitrate concentration (I-DIN, mg g™t DW) for the different initial
incubation concentrations (uM) after 300 min incubation of N-saturated and N-limited

sporophytes. Mean + SE, n = 3.

In Paper I, the highest I-DIN content of 0.69 + 0.14 mg NOs" g DW was measured in adult,
first-year sporophytes that had been supplied with nutrient-rich deep-water and acclimated
for 4 weeks in tanks at low light intensities (Table 4.1). The lowest content was measured in
the low nutrient treatments for both high and low light intensities (0.05-0.06 + 0.01 mg NO3"
gt DW), and for the D1 ‘high nutrient, high light’ treatment (0.12 + 0.03 mg NOs” g DW). The
surprising observation was the difference between high and low light exposure, which not
only showed a significant difference in growth, but also significant differences in I-DIN content
when both treatments were exposed to high ambient NOs™ concentrations (Figure 4.8, upper
panel). As for growth and Qu, this was most likely caused by the higher E-DIN concentration

measured in the D4 tanks compared to the D1 tanks (Figure 4.2).

Ambient nutrient concentrations were not measured in Paper lll, but based on existing
knowledge about the natural fluctuations in nutrients over the season and depths along the
Norwegian coast, the latitudinal- and depth-dependent patterns found for I-DIN were found
to reflect the nutritional conditions (see Figure 4b in Paper Ill). The I-DIN contents followed a
seasonal pattern, with the highest values at the beginning of the sampling period when the

ambient nitrate concentration was surplus before stratification and the onset of the
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phytoplankton spring bloom (Rey et al. 2007; Ibrahim et al. 2014; Broch et al. 2019). These
conditions occurred later at high compared to low latitudes, and at greater depths at high than
at low latitudes. I-DIN varied from 0.001 + 0.140 to 0.700 + 0.200 mg NOs g'* DW across all
sites, depths and seasons and was not as affected by biofouling settlement as found for the

Qn content.

Even though relatively low I-DIN contents were found for S. /atissima in our studies, other
kelp species are found to contain larger reserves. About 21 mg NOs g DW was occasionally
found in L. longricruris, which is 28,000 times the ambient maximum winter concentration in
the water column (Chapman and Craigie 1977). Different analytical methods could also
contribute to the large differences between experiments (Young et al. 2007), and care

should be taken when comparing results without knowing which method was used.

As for Qu, I-DIN can be used to express the nutritional nitrogen state of the alga and is an
easily measurable proxy for assessing nitrogen nutritional state of both wild and farmed

macroalgae.

Quality criteria
The desired quality of cultivated kelp is usually dependent on the end product. The Pegasus-

European Guidelines for a Sustainable Aquaculture of Seaweeds (Barbier et al. 2019) lists

traits usually related to biomass production and quality:

High yields

Specific shape/size, texture, colour, flavour, etc.

High growth rates/fast transition between lifecycle stages

High amount of specific target compound (protein, pigments, lipids, iodine, etc.)
Resistance to infection by pathogens or epiphytes

Resilience to changing abiotic factors

Low accumulation of contaminants (e.g. cadmium, inorganic arsenic, etc.)

High nutrient uptake rates

N L o R

Low emission of halocarbon
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The present thesis has targeted several of these quality criteria, including:

Criteria 1 (Paper II, 111, IV)
Criteria 3 (Paper IV)
Criteria 4 (Paper |, 11, 11, IV)
Criteria 5 (Paper lll)
Criteria 6 (Paper II, 111)

Criteria 8 (Paper 1)

Many of the criteria are closely related to each other and have already been discussed in the
above sections, except for criteria 5 concerning epiphytes. This had a major focus in Paper
Ill, comparing the effects of cultivation depth and season on the biofouling (total cover and
species composition) of cultivated S. latissima at nine locations along a latitudinal gradient
from 58°N to 69°N. The interaction between depth and sampling date was significant (p <
0.05) for six of the locations. Percentage biofouling cover on kelp fronds increased with
season at all sites and depths, from ~0 % in April-June to a maximum of 3.8-81.4% in June—
September (see Figure 7 in Paper lll). At both depths, the onset of biofouling occurred
earlier at lower (mostly around May) than higher latitudes. At the northernmost location,
biofouling cover did not exceed 20% before September. Exceptions to the latitudinal pattern,
showing relatively low biofouling cover, were freshwater-influenced locations (4-60°N and 7-
67°N; Figure 4.4), and the southernmost location (1-58°N). The impact of freshwater had a
negative effect on the sporophyte growth but reduced the settlement rate, resulting in a

change in the fouling community (see Figure 8 in Paper Ill).

To date, there are no established standards in Norway for an acceptable amount of
biofouling on seaweed cultivated for human applications, but if the primary end-use is
human consumption or the biochemical industry, the seaweed surface should contain as few
impurities as possible and preferably no fouling. For other applications, e.g. animal feed or
soil fertiliser, a prolonged growth season even with increased biofouling may be beneficial
because it could initially enhance the harvesting yield of seaweed biomass and
nitrogen/protein content along with associated epibiont biomass. As seen in Figure 4.11,
different organisms can settle and grow on the seaweed fronds, with the bryozoan

Membranipora membranacea (Figure 4.11, B) as the dominating species. Befouling has been
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the main focus for another PhD study in the current research project MACROSEA (Matsson

et al. 2019).

Figure 4.11: Images of the epibionts found and registered in Paper lll, A: Bivalvia, B: Membranipora
membranacea, C: Electra pilosa, D: Hydroids, E: Filamentous algae, F: Diatoms, G: Diatoms at 40x

magnification.

Strategies to increase biomass yield and protein content
One major bottleneck for commercialisation and the year-round supply of high-quality

seaweed biomass is the seasonal- and depth-induced variation in biomass yields and
biochemical content, as well as the phenology and magnitude of biofouling cover. This
information is essential for farmers when planning the deployment and harvesting time and

to identify end-products and can be further utilised to allocate resources effectively.

To extract high value compounds from cultivated seaweed biomass for super food and
pharmaceuticals (antioxidants like fucoxanthin and polyphenols), fish feed (proteins) or
biofuels (carbohydrates), the cultivated biomass can be manipulated with variations in
nutrient and light availability to increase compounds, aiming to increase the yields so that
there is a greater biomass to extract from. By the time of deployment at sea in Norway
(September—February), the light intensity and temperature are low and the nutrient

availability in the surface waters is in excess (Broch et al. 2019), giving suitable conditions for
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growth. However, during the spring blooms from March—April, the nutrients are depleted in
the upper layers of the water column (Rey et al. 2007; Ibrahim et al. 2014), while the light
increases and the seaweed growth decreases. Recent experiments from China have shown
that nutrient concentration could be enhanced by different actions. By artificial upwelling of
nutrient rich deep-water increasing the nutrient concentration in the surface waters, the
average yield of kelp was increased by 55 g per plant (Fan et al. 2019). The results from tank
cultivation in Paper Il showed an increased growth rate and protein content by offering high
nitrogen concentrations to the sporophytes, results which are also supported by the findings
from field cultivation in Paper Il during the first period at sea. A decrease in both length and
protein content was observed towards late spring and summer, and a solution to overcome
this could be to lower the seaweed cultures to depths of 8-9 m towards summer, where a
significant increase in sporophyte length and significantly higher protein content was
registered for some locations. Paper | showed an increased growth based on the N-specific
uptake rates (U) for both N-saturated and N-limited sporophytes at high nitrate
concentrations compared to lower ones, while Paper IV showed that the size, age and
developmental stage of the seedlings at deployment had a significant effect on biomass
production. Thus, by deploying seed lines seeded with spores incubated in the hatchery for 42
days, a higher biomass will be given at sea than for any treatments seeded with gametophytes
or juvenile sporophytes, or incubated for a shorter time period in the hatchery prior to
deployment. Even though there is a large cost in establishing a seaweed hatchery, the steps
of laboratory conditioning account for only 5% of the total energy consumption in seaweed
production, because these processes only involve the use of electricity for illumination and air
and water pumping for approximately two months, while the steps of the grow-out phase
(including deployment and harvesting) account for 95% of the total energy consumption due

to diesel and petrol consumption (Alvarado-Morales et al. 2013).

To produce high quantities of seaweed, it is crucial to move from land-based experiments to
large-scale open sea cultivation that allows for larger biomass production, but where the
only practical adjustable factor is the cultivation depth and, as a consequence of that, the
light and nutrient availability. On the other hand, advantages of land-based cultivation
include better control of the cultivation system, easy access to the produced biomass

regardless of the weather conditions, and increased potential to be used for bioremediation
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for land-based fed aquaculture (IMTA). In such systems, as tested in Paper ll, it is easy to
manipulate key resources such as light intensity and nutrient loading with combinations that
do not normally occur in sea and thus, have a higher control over biomass yield, chemical
composition and epiphytes (Harrison and Hurd 2001; Azevedo et al. 2016). If we consider the
emerging market of functional products from seaweed for human consumption, which
requires traceability and security of supply, on-land cultivation can be essential for this
production, allowing the highest levels of control (Hafting et al. 2012). A combination of
these two cultivation techniques producing biomass for different end-products could be a

sustainable solution.
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5. CONCLUSIONS AND FUTURE PERSPECTIVES

Conclusions
The present study has increased our knowledge on cultivation of the kelp Saccharina latissima

and emphasises the importance of studying growth and dynamics of biochemical content
under different environmental conditions, including different latitudes, seasons and depths,
but also various seedling sizes and different nutritional history. This was performed under
various ecologically realistic scenarios, as well as under conditions that are not commonly

found along the Norwegian coast, but which are biologically interesting to include.

It appears that S. latissima requires high ambient NOs™ concentrations for maintaining rapid
growth and that the alga is not able to compete for available nutrients with the more efficient
phytoplankton during the late spring and summer. This means that S. /atissima has to take up
most of the NOs  needed early in the season when ambient concentrations are high, and that
the period after the spring bloom represents a negative shift in nutrient uptake that involves
sporophyte growth mainly based on internal inorganic and organic nitrogen components. We
believe that this information about the coupling between extracellular nitrate concentration,
initial NOs~ uptake kinetics, intracellular NOs™ content and specific growth rate is new
fundamental knowledge, which helps us to better understand the ecological niche and the
nutritional requirements of S. latissima. Such quantitative knowledge is paramount for
understanding both the nutrient and environmental conditions required for the efficient
cultivation of S. latissima as it will have an essential importance for future large-scale

production.

For a natural range of light supply, we found that the external nitrate concentration was the
primary controlling factor for growth and for the storage of internal nitrogen compounds
(protein, total tissue nitrogen and internal nitrate) in our experiments with cultivated S.
latissima. For light intensities below the range in our experiments, light or energy supply may
become the primary limiting factor for growth, while for higher light supply, light inhibition of

growth may become severe.

The current study has improved our understanding of careful site selection for improving
growth and protein content during a cultivation season. Due to local variations, pilot

investigations should be undertaken to determine the suitability of a given potential farm
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location, by generating knowledge on suitable cultivation depths and the best deployment
and harvesting windows that would assist farmers to maximise production and minimise loss.
Our study is the first to compare cultivation at several farm locations over a large latitudinal
gradient, documenting the fact that kelp farming shows great potential along all latitudes from
58 to 69°N, except in areas with high local environmental variations, such as high freshwater
runoff. Additional measurements of nutrients, salinity, turbidity and degree of exposure
(currents and waves) could be beneficial because they will also affect seaweed growth and
production (Peteiro and Freire 2013; Matsson et al. 2019). A long-term goal is to use this newly
gained knowledge to contribute to the future development and establishment of a Norwegian

bioeconomy based on cultivated seaweed.
The main conclusions from the enclosed papers are:
Paper I:

e For both nutrient-deficient and saturated sporophytes, uptake rates of nitrate were
linearly related to the substrate concentration within their natural range, an
advantage which enables them to take up this nutrient more quickly when it
becomes available.

e Anincrease in biomass in periods of low nitrogen availability, typically in spring and
summer along the Norwegian coast, must mainly be based on intracellular nitrogen
components like protein and other nitrogen metabolites.

e The pool of intracellular nitrate (I-DIN) probably needs a long time and high ambient
nitrate concentration to reach high levels and is not an important storage for
sustaining growth during periods of low nitrogen availability.

e Knowledge on the ability of S. latissima to take up available nutrients and their
intracellular nitrogen content are important aspects when scaling up seaweed farms.
It enables the farmers to estimate the carrying capacity of production at a cultivation
sites and to predict the potential biomass production based on the nutritional history

of the seaweed and the ambient nutrient concentrations.
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Paper Il:

e The mean growth rate of the sporophytes for all treatments combined was positively
related to the external nitrate concentration during the experimental period.

e The experiment confirmed the positive relationship between total intracellular
nitrogen components (Qu, protein and I-DIN) and external nitrate concentration.

e The growth rate showed clear saturation relationships to both external nitrate
concentrations and I-DIN, whereas the relationship between growth rate, Qn, and
protein appeared linear and more scattered.

e No positive correlation was found between growth rate and different light levels,
suggesting that nitrate was the primary controlling factor for growth at both high-
and low-light treatments. The pattern found for the contents of intracellular nitrogen

components agreed with this conclusion.
Paper lli:

e The variation in growth performance, biochemical composition, and biofouling of
cultivated S. latissima was mainly caused by seasonality and depth, varying
systematically along a latitudinal gradient.

e Maximum frond length and biomass yield occurred up to 2 months earlier at
southern locations than at locations further north, resulting in the potential to supply
the consumer market or processing industry for an extended period.

e The total intracellular nitrogen components (Qu, protein and I-DIN) showed a
decreasing seasonal trend before the onset of biofouling and the seasonal decrease
was delayed at higher latitude, suggesting that a cultivation and harvesting strategy
should follow these latitudinal patterns.

e Production, expressed in terms of frond length and biomass yield, was higher at
shallow cultivation depths than at deeper, whereas protein, ash, Quand I-DIN were

generally higher at greater depths.
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Paper IV:

o Different seeding methods and hatchery periods have a high impact on the growth
performance of S. latissima at sea.

e Twine seeded with spores pre-cultivated in the hatchery for 42 days gave significantly
better growth measurements than any of the other treatments tested in this
experiment and a clear coherence was found between days in the hatchery before
deployment and growth performance at sea for the spore seeding method.

e All measured growth variables were poor for the direct seeded treatments during the
relatively short cultivation period of 120 days at sea, but a longer cultivation period
might have levelled off the differences between the seeding methods. The reduced
costs resulting from skipping the hatchery phase and entwining process may make up
for this from a business perspective.

e Image analysis of substrates before deployment seemed to be a useful tool when
assessing frond lengths at sea, but the method needs to be further developed to

include predictions about harvesting yields.

Future perspectives
The current thesis has contributed with new knowledge on the physiological, environmental,

and technological aspects that will be of use in a future development and up-scaling of the
seaweed industry. However, there are still some basic knowledge gaps that need to be

further investigated.

The most important bottleneck to solve regarding the up-scaling of seaweed production in
Norway and other Western countries is the market segment which is not yet ready to handle
the biomass delivered from upcoming large-scale cultivation. Without the market, the up-
scaling of production and development of automated equipment in association with this is
challenging. The feedback from the e.g. fish feed companies has been that the delivery of
biomass with a predictable chemical content is essential if they are going to implement the
use of new sources of biomass in their production. At the moment, this is difficult due to the
strong correlation between biochemical content and the variable environmental conditions

during a cultivation period at sea. Site selection is crucial to this, and the optimal site is
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dependent on the desired end-product. This has been one of the major aims of this thesis,
but it still needs further investigation with other deployment times and an even larger range
of sites along the coast. Cultivation trials further north of 69°N are especially interesting to

investigate the impact of high latitude on chemical content, growth, and biofouling.

Mathematical modelling can be an important tool for evaluating the suitability of a location
before starting cultivation trials and can be both time- and cost-efficient for farmers. The
model system can consider the effects of sporophyte density, size distribution and
mechanical interactions between individuals, and the reduction of water flow through the
seaweed farm. The further development of seaweed growth models (Broch and Slagstad
2012) to include the content of valuable compounds (e.g. proteins, polyphenols, pigments,
carbohydrates) in kelps and how these depend on and arise as interactions between external
conditions, metabolism, and growth should be considered. Furthermore, the development
of more detailed models for the content and accumulation of potentially unwanted
components (e.g. iodine, heavy metals, and environmental toxins) are needed, as well as

linking model parameters to genetic studies.

Developing cultivars for improved traits like high biomass production, increased content of
valuable compounds and low affinity for biofouling could be of great importance for the
future industry and are of current interest. Obtaining sporophytes that do not hybridise with
natural populations is also essential for the survival of a future industry, an approach the
agriculture industry has used for several commercial species (e.g. banana, melon, grapes). It
is crucial to maintain the biodiversity of marine ecosystems; because these ecosystems are
sensitive to biological invasions, care must be taken during the up-scaling of kelp cultivation
to prevent damage. The use of local genetic material, as well as technologies to prevent
hybridisation between cultivated and wild populations are important elements in the
responsible and sustainable utilisation of seaweed. The use of local strains is highly
recommended in several Scandinavian countries at the present time and breeding is not
used as a tool to obtain the wanted traits of S. latissima (Fredriksen and Sjgtun 2015;
Hasselstrom et al. 2018; Barbier et al. 2019; Goecke et al. 2020), but several ongoing

research projects are focusing on how to use breeding for value creation.

Industrial cost-effective cultivation requires novel technology with a high degree of

mechanisation and automation along the entire production chain comprising hatchery,
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deployment, cultivation, monitoring and harvesting. To facilitate transitions from "low-tech"
(labour intensive) to "high-tech" (cost-effective) cultivation, technology-transfer from the
successful marine and maritime industries in Norway to adapt efficient methods for seeding,
deployment and harvest should be facilitated. Further, model tools for the simulation and
visualisation of dynamic systems to perform reliable structure analysis of efficient sea farm

concepts for different species and environmental conditions should be developed.

Finally, it is a worldwide challenge to reduce CO; emissions, a cause of global warming.
Reducing man-made CO; emissions, including those produced through the burning of fossil
fuels, is a key element in mitigating greenhouse gas emissions and the effects of climate
change. Seaweed cultivation has gained attention recently as a climate positive solution for
the removal of CO,. More insight and knowledge about this opportunity is necessary; for
instance, how to store the biomass safely e.g. in deep valleys on the ocean floor. The
environmental impacts, technological challenges, and societal economic aspects of this is of

course important issues that need to be investigated.

In order to further facilitate a successful up-scaling of macroalgae cultivation and create a
new bio-marine industry in Norway, a national research infrastructure should be established.
This should serve as a centre for innovative industry and research groups targeting the new,
blue bioeconomy. The industrialisation of a nearly carbon-neutral, non-fed cultivation of
macroalgae will contribute to an environmentally friendly development of the Norwegian

aquaculture sector and to the sustainable exploitation of the ocean.
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Abstract

To reach the goal of large-scale seaweed cultivation in Norway, new knowledge concerning
commercially important species like the kelp Saccharina latissima is essential. This includes
fundamental understanding of physiological mechanisms like nutrient uptake kinetics which
makes us better understand its ecological niche and nutritional requirements. The initial
short-term nitrate (NOs") uptake kinetics in cultivated S. latissima juvenile sporophytes were
evaluated under nitrogen-saturated and nitrogen-limited conditions. The uptake was
measured for concentrations in a gradient from 2-18 uM NOs” which is representative of
Norwegian coastal waters in the main growth season of winter and early spring.
Preconditioning treatments led to internal nitrogen pools (total tissue nitrogen and
intracellular nitrate) that were significantly lower for the N-limited than for the N-saturated
sporophytes prior to the experiment. Nitrate uptake rates, related to biomass (V) and
intracellular nitrogen content (U), were linearly related to the substrate concentrations for
both N-limited and N-saturated sporophytes, indicating that S. latissima requires high
ambient nitrate concentrations to maintain rapid growth. The sporophytes with deficient
internal nitrogen pools exhibited higher uptake rates of NOs™ than sporophytes with higher
internal pools of nitrogen. Mathematical modelling was used to investigate the temporal
development of total tissue nitrogen (Qun) based on the nitrogen-specific uptake rates (U)
and revealed a near linear response of U to changes in Qn. The model also found that a
maximum estimated value for Qn was only approached after more than 20 days at external
NOs concentrations of 8 uM. These results expand the physiological understanding of
cultivated S. latissima and are important for a sustainable upscaling of seaweed farm

production.

Keywords
Initial nutrient uptake rates, Intracellular nitrate, Mathematical modelling, Nitrate uptake,
Saccharina latissima, Seaweed cultivation, Sporophyte growth, Total intracellular nitrogen,

Uptake kinetics



1. Introduction

Saccharina latissima (Linnaeus) Lane, Mayes, Druehl, and Saunders 2006 is a cold water kelp
species that grows rapidly in late winter and early spring when dissolved inorganic nutrients
like nitrate (DIN) are available in excess and other environmental factors such as
temperature, light conditions and salinity are favorable (Kerrison et al. 2015). Cultivation of
S. latissima in Norway normally involves deployments during the autumn and winter
(Stévant et al. 2017) and harvesting in the period from May-August, depending on the
latitude and degree of epifouling on the biomass (Forbord et al. 2020). The interest in
seaweed cultivation has increased in Norway over the last decade, but the production of S.
latissima did not reach more than 174 metric tons in 2018 (Directorate of Fisheries 2020),
compared to the total world production of almost 30 million metric tons of seaweed (FAO
2018). To upscale and industrialize the seaweed production, more knowledge on how to
utilize and optimize farm locations in terms of key resources such as light and nutrient
availability is essential. This enables the farmers to identify suitable cultivation depths and

seasons and to ideally predict the potential biomass production.

Nitrogen is considered to be the potential limiting nutrient for macroalgal growth, both
globally and in Norwegian coastal waters, especially during summer months after
phytoplankton blooms have depleted the concentration of DIN to almost zero (Hanisak
1983; Ibrahim et al. 2014). The major sources of inorganic nitrogen available for macroalgae
are nitrate (NOs’), ammonium (NH4*), and urea (Hurd et al. 2014). North-East Atlantic deep
water contains around 10 umol L'! (uM) of NOs’, representing the highest concentration of
nitrate that the algae are exposed to in its natural environment (Forbord et al. 2012). The
concentrations of NHs* are normally lower, but variable and dependent on regeneration
processes in the water column (Hurd et al. 2014). NOs™ can be stored inside the seaweed
cells at concentrations exceeding ambient concentrations and is therefore assumed to
require active uptake (Harrison and Druehl 1982; Harrison and Hurd 2001); however, this
has only been confirmed for a few species (Roleda and Hurd 2019). With an active
mechanism of uptake, this will normally exhibit saturation kinetics, i.e. the rate of uptake
can be described by a rectangular hyperbola like the Michaelis-Menten equation (Chapman
et al. 1978; Harrison and Druehl 1982; Wallentinus 1984). In other cases, saturation does

not occur at high nutrient concentrations, and a linear uptake may be experienced.



Unsaturated uptake is common for NH4* (Phillips and Hurd 2004; Abreu et al. 2011;
Martinez et al. 2012), but it has also been described for NO3™ (Harrison et al. 1986; Ahn et al.
1998; Sanchez-Barredo et al. 2011; Martinez et al. 2012).

Nutrient uptake rates in seaweed are affected by, and vary considerably with, chemical
(concentration of nutrients in their ionic or molecular form), physical (light, salinity,
temperature, desiccation and water motion) and biological factors (Thomas et al. 1987;
Harrison and Hurd 2001). The latter includes the ratio of surface-area:volume (SA:V), type of
tissue, age, nutritional state and variability between species (Wallentinus 1984; Hurd et al.
2014). The nitrate taken up can be stored in intracellular pools (I-DIN) in the vacuoles (Hurd
et al. 2014) or reduced to nitrite (NO2'). Incorporation in vacuoles may occur when the
uptake rate of NOs'is greater than the conversion rate to NO,". Nitrite is further reduced to
NHs*and incorporated into biomolecules such as amino acids (Harrison and Hurd 2001).
Dependent on the size of this I-DIN pool, it has been suggested that the algae may be more
capable of growing in areas where the nutrient availability varies over the seasons (Hanisak
1979). Other potential nitrogen reserve pools in macroalgae include proteins, nucleic acids,
free amino acids and pigments (Lapointe and Duke 1984; Jones et al. 1996; Young et al.
2007; Naldi and Wheeler 1999), where proteins account for the largest N-source (Pueschel
and Korb 2001). High contents of these components may be a result of nutrient saturation,

whereas low levels could suggest nutrient sub-saturation.

The short-term nitrate uptake reflects the instantaneous uptake following a perturbation in
nutrient concentration. The uptake rate will be constant for a short time after perturbation,
before intracellular feedback from the increasing nutrient content in the algal tissues and
before ambient concentration has been substantially reduced. Uptake rates measured over
a long period of time will become proportional to and vary with the growth rate. Short-term
uptake following a perturbation in ambient concentration is not quantitatively associated
with the growth rate, but the uptake rate depends on the initial nutritional state of the

algae.

The aim of this study was to determine the initial short-term nitrate uptake rates and the

total nitrogen and internal nitrate storage capacity for cultivated, juvenile N-saturated and



N-limited S. latissima exposed to nitrate concentrations that are representative of
Norwegian coastal waters. These results, under controlled laboratory conditions with
ecologically relevant nutrient concentrations, provide new and valuable knowledge that
expands the physiological understanding of cultivated S. latissima with different nutritional

histories.

2. Materials and methods

2.1 Experimental design

Saccharina latissima sporophytes used in this experiment were prepared according to
methods described by Forbord et al. (2018) and cultivated at sea from September 2016 to
March 2017 at the seaweed farm Taraskjzeret in Central Norway (63°42'N 08°52’E). The
ambient nitrate concentration at this site in mid-March is typically around 6 pmol L at a
depth of 0-8 m (unpublished data). Visible epiphyte-free sporophytes with a length of 7-13
cm were chosen for the experiment. Half of the sporophytes were placed in a tank with
running flow-through deep water from a depth of 90 m with a nitrate concentration of ~10
umol L! for nitrogen saturation for 8 days and half of the sporophytes were placed in
artificial seawater (Grasshoff et al. 2009) enriched with modified f/2 medium without
nitrogen and silicate. The sporophytes were N-depleted for 8 days prior to the experiment.
The medium was replaced once in that period. After this, the sporophytes started to bleach

and decompose, suggesting severe nitrogen starvation.

The experiment had a duration of 300 min and was conducted with a combination of the
perturbation- and multiple flask techniques (Harrison et al. 1989) to examine the uptake of
NOs™ as the only available nitrogen source for saturated and depleted S. latissima
sporophytes added to a concentration gradient (Table 1). The experiment was performed
over two separate days in a laboratory holding a temperature of 10 °C and a light intensity
of 40 pmol m? st above the experimental flasks to ensure sufficient energy supply and
photosynthetic activity. 250 mL flasks were filled up with artificial seawater without
nitrogen and silica and added nitrogen stock solution to create the target concentration.
Water motion to reduce boundary layer effects that could reduce uptake rates was achieved
by placing the flasks on orbital shakers. Five specimens of whole, untrimmed S. latissima

sporophytes of approximately similar sizes were haphazardly collected from the appropriate



preconditioning tank and added to each replicate flask. The flasks were placed on the orbital
shakers at 100 rpm. Deviations in the initial measured concentrations compared to the
planned ones (0.25, 0.5, 1, 2, 4, 8 and 16 uM) were found for all treatments due to the fact
that the artificial seawater had a background N-content of ~1 uM or more (Table 1). In
addition to seven concentrations, with six replicates each (n = 6), two control samples
without S. latissima biomass were included in both experiments (saturated and depleted)
corresponding to low (2.0 and 1.7 uM) and high (16.7 and 18.5 uM) concentrations to
monitor potential changes in nitrogen during the experiments due to microbiological

activity.

Table 1: Seven different incubation concentrations of nitrate (uM) used for the N-saturated

and N-limited experiments

Nutritional history  Initial concentration (M)

N-saturated 20 25 32 36 52 76 16.7
N-limited 1.7 2.2 24 38 53 10.2 185

Upon sampling, 2 mL water samples were collected from each flask after 5, 10, 20, 30, 50
and 90, 180 and 300 min of incubation. Samples from the controls were taken at the first
and last sampling points. All samples were transferred to pre-marked 15 mL plastic tubes
and frozen until analysis. After the experiment, the sporophytes from all experimental flasks
were gently dried with paper towels and the total wet biomass per flask was weighed. Two
sporophytes from each replicate were weighed individually, dried at 80° C for 24 h, and

weighed again to estimate the total dry weight biomass for each flask.

2.2 Chemical analysis of nitrate

Prior to analysis, the frozen water samples were thawed at room temperature and filtered
using a 0.45 um syringe filter to remove algal debris. Water samples were analyzed
colorimetrically at 550 nm after the reduction of NO3  to NO;" through a copperized
cadmium coil in a Flow Solution IV System, O. I. Analytical Auto Analyzer following

Norwegian Standard 4745 (NSF 1975).



2.3 Calculation of uptake rates

Substrate concentrations of NOs” were measured at each sampling point to follow the
change in concentration over time, reflecting the disappearance of the nutrient from the
medium. The substrate concentrations were related to biomass (grams dry weight; g DW) in
each flask and subsequently used to calculate uptake rates. The uptake rates were

determined in each replicate flask according to Equation 1:

_ (Si=Sp) xvol
txDW

%4 x 24 (1)
where V is the specific uptake rate (ug g DW day), Si is the initial substrate concentration
(ug LY), Seis the final substrate concentration (ug L2), vol is the volume (L), t is the time
between sampling (h) and DW is the dry weight of the total biomass in the flask (g). This
calculation was done for the six replicate flasks and a mean value + standard error (SE)
expressed the final results. The uptake rate remained constant over time in the period from
5-90 min of incubation before levelling off; therefore, the measurements made beyond 90

min were not included in the calculation of uptake rates.

The initial uptake of NOs™ per unit of cellular N was calculated for each replicate flask

according to Equation 2:

U=—x24 (2)
Qn

where U is the specific initial cellular N based uptake rate (day™?), V is the DW specific uptake
rate calculated from Eq. 1 (ug g2 DW hl), and Qu is the total tissue nitrogen (ug N g2 DW)

measured from the start of the experiment.

2.4 Total intracellular nitrogen analysis (Qu)

Total intracellular tissue nitrogen (Qn) contents were analyzed for the whole thalli for N-
saturated and N-limited sporophytes. Three sporophytes taken from each conditioning tank
immediately before the uptake experiment were frozen at -20°C and later stored at -80°C

until freeze-dried (Hetosicc CD 13-2) at -40°C for 48 h. The dried kelp was homogenized into



a fine powder. Samples of 0.4-1 mg freeze-dried kelp were transferred to tin capsules and

analyzed for N in quadruplicate with a Carlo Erba element analyzer (model 1106).

2.5 Intracellular nitrate content (I-DIN)

After 300 min incubation, three sporophytes from three of the replicate flasks from each
concentration were haphazardly collected and frozen at -20°C. For the analysis of
intracellular nitrate content (I-DIN), 0.06 g semi-frozen S. latissima material from each
sample was transferred to a test tube with a cork and filled with 6 mL of distilled water. The
samples were boiled for 30 min, cooled and filtered through a 0.45-um polysulfone syringe
filter to remove algal debris. The tubes were kept frozen at -20°C, then defrosted and
shaken prior to analysis. The extracts were used to determine the concentration of I-DIN
using an Auto Analyzer (Flow Solution IV System, O.1 Analytical) after Norwegian Standard

4745 (NSF 1975).

2.6 Data treatment and statistical analysis

Large outlying substrate concentrations were determined as extreme outliers using SPSS
and were removed from the data set as they were likely to represent contamination in the
flasks. This applies for one replicate at two concentrations obtained for N-saturated
sporophytes and one replicate at three concentrations obtained for N-limited sporophytes
(n=5). Data from the 180- and 300-min time intervals were excluded because the uptake
was only constant over time up to 90 min.

To reveal correlations between reduction in nitrate concentrations in the medium versus
time for N-saturated and N-limited sporophytes, correlations between uptake rates (V and
U) versus substrate concentrations (uM) and internal nitrate (I-DIN) concentration versus
substrate concentration (uM), simple linear regressions analysis were performed. The
Pearson correlation coefficient (r) was calculated to measure the linear correlation between
the different variables.

The mean I-DIN and Qu values for N-saturated and N-limited treatments were compared
using an independent-samples t-test after confirming the assumption of normality (Shapiro-
Wilk's test) and homogeneity of variance (Levene’s test). Data are presented as mean *

standard error (SE) unless otherwise stated. The significance level was set to p = 0.05.



Statistical analysis was performed using IBM SPSS Statistical software (Version 25) and plots

were made using Systat SigmaPlot software (version 14) and MATLAB (Release 2017).

2.7 Mathematical modelling of Qn dynamics

A simple ordinary differential equation for the dynamics of total tissue nitrogen (Qn) was
formulated based on the results from the uptake experiment described in Sections 2.1-2.4.
A Monte Carlo type simulation was performed in order to analyze the variability in how the
N-affinity may change with Qun for Qn values outside of the experimental range i.e. the
functional response of the N-specific uptake rates (U) to the values of Q. Using the model,
the implications of the uptake results on the temporal changes in Qn were assessed for

different external concentrations of NOs".

3. Results

3.1 Initial uptake rates of nitrate

The uptake of nitrate in S. latissima was measured as the reduction in nitrate concentration
over time in the water samples with different initial substrate concentrations added. The
linear reduction of nitrate found in the 90 min experimental period revealed a constant
uptake rate for each concentration, both for the N-saturated (Figure 1a) and N-limited
(Figure 1b) sporophytes. The uptake rate levelled off after 90 min (data not shown) and
nitrate was not depleted during the experimental period (up to 300 min). Linear regression
showed a significant (p < 0.05) relationship between concentration and time for all initial

concentrations tested, except for 2.5 uM for the N-saturated sporophytes (Table 2).
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Figure 1 Nitrate (uM) removal from the medium over a time period of 90 minutes for seven
different initial concentrations for N-saturated (a) and N-limited (b) sporophytes. Legends

show initial nitrate concentrations. Mean * SE, n=5-6.
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Table 2: Linear regression coefficients (slope, R?and p-values) of nitrate concentration
versus time of uptake for the different initial concentrations (uM) for N-saturated and N-

limited sporophytes of S. latissima.

N-saturated sporophytes N-limited sporophytes
Initial conc. Slope R? p Initial conc. Slope R? p
2.0 -48.6 0.52 <0.001 1.7 -65.5 0.56 <0.001
25 -16.6 0.08 0.105 2.2 -29.9 0.58 <0.001
3.2 -31.8 0.80 <0.001 24 -38.5 0.52 <0.001
3.8 -23.2 0.64 <0.001 3.8 -30.3 0.83 <0.001
5.2 -15.8 0.64 <0.001 5.3 -16.1 0.80 <0.001
7.6 -11.4 0.31 <0.001 10.2 -9.00 0.94 <0.001
16.7 -9.04 0.79 <0.001 18.5 -6.12  0.89 <0.001

3.2 Nitrate uptake rates as a function of substrate concentrations

Uptake rates of NOs™ (V) normalized to dry weight ranged from 64.8 + 18.5 to 1414 + 170 pg
N g! DW day? for N-saturated sporophytes (Figure 2), increasing with increasing nitrate
concentration to which a strong positive (r = 0.91) and significant correlation was apparent
(R?=0.83, p <0.001). The V-values for N-limited sporophytes ranged from 179 + 14.2 to 2407
+111 ug N gt DW day* (Figure 2); the values increased with increasing nitrate concentration,
revealing a strong positive relationship (r = 0.98, R>=0.95, p < 0.001). For both experiments,
there was a positive and linear relationship between uptake rate and nitrate concentration
throughout. The slopes of the two regression lines (0.26 + 0.03 for N-saturated and 0.41 +
0.03 for N-limited sporophytes), describing the substrate specific affinity, were significantly
different (p < 0.001).
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Figure 2 Mean uptake rates of NOs™ (V, ug g* DW day!) for N-saturated and N-limited
sporophytes as a function of initial ambient NOs concentration. The value for N-saturated
sporophytes perturbed with 7.6 uM nitrate deviated somewhat from the other values and

was not included in the line fitting by linear regression. Mean * SE, n = 5-6.

Mean nitrogen-specific uptake rates (U, day™) as a function of nitrate concentrations for N-
saturated and N-limited sporophytes are shown in Figure 3. U expresses nitrogen uptake
rates normalized to tissue nitrogen (Qn) of the algae instead of biomass (DW). Nitrogen-
specific uptake rates (U) for N-saturated sporophytes ranged from 0.002 + 0.001 to 0.048 +
0.006 day, increasing with increasing nitrate concentrations to which a strong positive (r =
0.87) and significant correlation was apparent (R?2=0.75, p < 0.001). The values of U for N-
limited sporophytes ranged from 0.009 + 0.001 to 0.122 + 0.006 day?, increasing with
increasing nitrate concentration, revealing a strong positive relationship (r = 0.98, R?=0.95,
p <0.001). The slopes of the two regression lines (0.003 + 0.001 for N-saturated and 0.007 +

0.001 for N-limited sporophytes) were significantly different (p < 0.001).
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Figure 3 Mean nitrogen-specific uptake rates (U, day™) for N-saturated and N-limited
sporophytes as a function of initial nitrate concentration. The value for N-saturated
sporophytes perturbed with 7.6 uM nitrate deviated somewhat from the other values and

were not included in the line fitting. Mean % SE, n =5-6.

In the control samples run without seaweed, only a small increase (< 2.5%) in NO3”
concentration was measured in the culture media during the experimental period for the
highest initial concentration. The measured nitrate reduction in the seawater was therefore

attributed to algal uptake.

3.3 Total intracellular nitrogen content (Qu)
The N-saturated sporophytes had a total tissue N-content (Qn) of 29.5 + 0.5 mg g DW
before the start of the experiment, which was significantly higher (p < 0.001) than the Qu

value found for N-limited sporophytes of 19.7 £ 0.6 mg g’* DW.

3.4 Mathematical modelling and simulated Qn dynamics
In order to discuss the temporal development of Qu, it is necessary to know or assume
something about the N-uptake rates as well as for values of Qn between and outside the

experimental values for the N-saturated and N-limited sporophytes described above. Here,
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we first show that under certain assumptions the choice of response of U to Qu is relatively
low, and then use this to study the temporal development of Qyunder some relevant

external concentrations of NOs™ like those in the current experiment (Figure 3).

The main assumption is that the N-specific uptake rate U (Equation 2) is a linear function of
the external concentration of NO3™ (denoted by [NOs]). Thus, it was assumed that

U =U(Qw, [NO3]) = f(Qn)[NO3] (3)
where fis some response function of the N-specific uptake rate to Qn. For each Qu, f(Qn)
represents the N-affinity of the sporophytes, the slope of the U versus [NOs] line (c.f., Figure
3). It can be assumed that the function f decreases with increasing Qu. The function was
assumed to have the form:

f(@n) =a—bQy (4)
for exponents a ranging from 0 to 2. Values of a < 1 will give concave response curves, as
found for microalgae (Olsen 1989), while a > 1 implies convex curves. Choosing a = 1 gives a

linear response of the uptake rates to changes in Q.

A Monte Carlo type simulation was performed to analyze the variability and uncertainty in
the choice of f. For each simulation, the value of a was selected pseudo-randomly from a
uniform distribution (a in [0, 2]), while the values of f(19) and f(29) were selected pseudo-
randomly from normal distributions with a mean and standard deviation (SD), as shown in
Figure 3. For each choice of a, the parameters a and b were determined based on the

selected f(19) and f(29) (known values, the slopes of the lines in Figure 3).

On average, the simulations reveal a near linear response of the N-specific uptake rate (U)
to changes in Qu (Figure 4, black curve). The SDs for Qn values between 19 and 29 were
smaller than the SDs for the slopes of the curves in Figure 3 (cf. Figure 4, red bars and dots).
Outside the interval [19, 29] for Qy, the SD increased, reflecting the increased ranges in the
functional responses (Equation 4).

Figure 4 also reveals that the simulated theoretical average maximum Qu of the algae was
36 mg N g* DW (the intersection of the black line with the horizontal axis) with a range from
32 to 48 mg N g’ DW (the intersections of the boundary of the grey region with the

horizontal Qu axis).
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Figure 4 Plot of the theoretical affinity to NO3™ (y-axis) as a function f of Qn (x-axis). The
slopes of the lines in Figure 3 for Qv = 19 and Qn = 29 are represented by the red dots, with
corresponding standard deviations (vertical red lines). The black curve and the grey region
represent the results of a Monte Carlo-type simulation (n = 3000 runs) of f (in Equation 3) as
a function of Qn. The black curve indicates the mean values of f for each value of Qy and

corresponding SD (grey region).

How Qu changes with time, can be expressed through an appropriate differential equation.
The relationship between dry weight (DW g), total tissue N (Qn, mg N g* DW) and absolute
nitrogen content (Nabs g N) (see Section 2.3 above) is

Qv = Ngps/DW.

This means that:

1 dQy 1 dNgps 1 dDW _

On dt  Naps dt  DW at =U-n (5)

where U is the nitrogen-specific uptake rate (Equations 2 and 3) and u is the biomass
specific growth rate.

Qn must therefore satisfy the following differential equation:
d

O ~ 0y (f(Qw)INO3] — ), .
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All solutions to Equation 6 have a sigmoid shape, and for @ = 1 in Equation 4 and p=0in
Equation 6 we get the standard logistic equation when [NOs] is kept fixed (Murray 2002).
Equation 6 was solved, corresponding to each choice of f by the Monte Carlo simulation, by
a standard forward Euler method with short time step.

The temporal dynamics of Qu by Equation 6 were simulated for [NOs] = 1, 4, and 8 umol L.
The results illustrated how Qy over a longer time period varied with external concentrations
and time (Figure 5). The uptake and following influence on Qy were slow, a maximum value

(theoretical/model) was only approached after > 20 days at external concentrations of

[NO3] =8 pumol L.
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Figure 5 Simulated temporal development of Qn from Equation 6 for two initial values of Qn
(Qn (0) = 19 (dashed lines) and Qn (0) = 29 (solid lines)) and three different external
concentrations of NO3™ (blue: NOs™ = 1; red: NO3™ = 4; yellow: NO3™ = 8). The curves are mean

values of n = 3000 simulations, while the shaded regions represent the SDs. The growth rate

was assumed to be u = 0.

3.5 Intracellular nitrate content (I-DIN)
The N-saturated sporophytes showed an I-DIN content of 0.46 + 0.06 mg g* DW prior to

incubation (0 uM, Figure 6), whereas the N-limited sporophytes showed an I-DIN content of
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0.020 +0.002 mg gt DW, which was significantly lower than that of the saturated sporophytes
(p =0.002). The highest I-DIN values were found for the N-saturated sporophytes for all initial
nitrate concentrations throughout. Values for the N-saturated sporophytes ranged from 0.25
+0.05 to 0.60 + 0.08 mg gt DW (mean 0.44 + 0.04 mg I-DIN g* DW), while the values for N-
limited sporophytes ranged from 0.02 + 0.00 and 0.12 + 0.01 mg g* DW (mean 0.06 £ 0.01 mg
I-DIN g2 DW). Linear regression did not reveal a significant relationship between I-DIN content
and nitrate concentration for either N-saturated (r = 0.196, R?=0.038, p = 0.359) or N-limited
sporophytes (r = 0.034, R?= 0.001, p = 0.880).
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Figure 6 Mean intracellular nitrate concentration (I-DIN, mg g* DW) for the different initial
incubation concentrations (uM) after 300 min incubation of N-saturated and N-limited

sporophytes. Mean + SE, n = 3.

The quantitative nitrogen amount accumulated in I-DIN pools was low compared to total Qu
of the algae. Percentage I-DIN of total intracellular N (Qn) was 1.6% for N-saturated and
0.02% for N-limited sporophytes. I-DIN is accordingly not an important nitrogen storage that
can support algal growth for a long time. However, it does reflect the nutritional nitrogen

state of the algae.
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4. Discussion

We found that sporophytes of S. latissima with deficient internal nitrogen pools (Qy and I-
DIN) exhibited higher uptake rates of NOs than sporophytes with higher internal nitrogen
pools. For both nutrient-deficient and -saturated sporophytes, the uptake rates of nitrate
were linearly related to the substrate concentration. No clear saturation level was found for
nitrate concentrations exceeding double the maximum deep-water concentration
potentially experienced in natural North-East Atlantic water. A mathematical model was
used to investigate the temporal development of Qn for N-saturated and N-limited
sporophytes based on the nitrogen-specific uptake rates (U), and revealed a near linear
response of U to changes in Qn. The model also found that a maximum estimated value for

Qn was only approached after more than 20 days at external NOs  concentrations of 8 uM.

4.1 Uptake kinetics of nitrate

The uptake of NOs™ has generally been found to exhibit rate-saturation with increasing
concentrations, suggesting an active transport mechanism (Chapman et al. 1978; Phillips and
Hurd 2004). This is not supported by the findings in our study, as the uptake of NOs showed
an unsaturated response with a linear increase for both N-saturated and N-limited
sporophytes, even for nitrate concentrations higher than the maximum concentrations found
in North-East Atlantic deep-water (Voss et al. 2013; lbrahim et al. 2014). Saturation will,
however, most likely be met for higher nitrate concentrations and for a longer uptake period,
and an indication of an upcoming saturation could be seen for the N-depleted sporophytes at
the highest N-concentration

It appears that several kelp species do not exhibit saturation kinetics for nitrate uptake for
nutrient concentrations well beyond the highest natural concentrations (Harrison et al.
1986). This has been found for Laminaria groenlandica (Harrison et al. 1986), Macrosystis
pyrifera (Kopczak 1994) and Eisenia arborea (Sanchez-Barredo et al. 2011). It has been
suggested that this characteristic kinetic response is mainly dependent on the nutritional
state and/or life-history of the individuals rather than the species (Thomas et al. 1985).
Moreover, for intertidal seaweeds from New Zealand, both saturated and non-saturated
uptake patterns were found for different individuals of the same population (Phillips and
Hurd 2004), supporting this idea. While other studies have run experiments with NOs

concentrations from 30-450 uM for various species (Harrison et al. 1986; Martinez and Rico
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2004; Phillips and Hurd 2004; Abreu et al. 2011; Li et al. 2019), the maximum NOs
concentrations of 16-18 uM in our experiment were much lower, but still above 2-8 uM,
which is the ecologically relevant range of concentrations along the Norwegian coast during
the winter and early spring when cultivated S. latissima has its highest growth rates (Broch

et al. 2019; Forbord et al. 2020).

The affinity and uptake capabilities were lower for N-saturated than N-limited sporophytes,
in agreement with several previous studies (Druehl et al. 1989; McGlathery et al. 1996; Ahn
et al. 1998). It has also been found that nitrate uptake in macroalgae generally proceeds at
considerably lower rates than the uptake of ammonium (NH4*) for both N-saturated and N-
limited sporophytes (Pedersen and Borum 1997; Corey et al. 2013; Liu et al. 2016). A recent
experiment showed that when offered both NH4*and NOs™ simultaneously, the sporophytes
selectively took up NH4* at a higher rate until the concentration became low (~3uM). The
uptake of NOs™ then proceeded at a lower rate than when just offered alone (Etter et al.,
unpublished data).

It is important to consider type of tissue, age, nutrient preconditioning, biomass-to-volume
of medium during incubation, incubation time and normalization of uptake rates when

comparing published results from different experiments.

4.2 Nitrogen-specific uptake rates and simulated Qn dynamics

The value of the nitrogen-specific uptake rate (U, day™®) during steady-state of growth is equal
to the carbon specific growth rate (u) and can reflect the capacity of S. latissima to sustain
growth at given ambient concentrations of nitrate even though uptake and growth are not
directly coupled. Thus, under steady state conditions, when the processes of uptake and
growth are in balance and gives a constant Qn, an estimated U value can potentially
correspond to the steady state growth rate (u, day?) that is achievable by the algae at that
concentration. The sporophytes in the current experiment were acclimated to nutrient
deficient and nutrient sufficient conditions, aiming to achieve growth at steady state
conditions. Figure 3 shows the potential maximum relative growth rates (RGR, day™), equal
to U during steady state, which can be achieved for given nitrate concentrations and

nutritional states, reflected by Qu. The current U values correspond well with the RGR (day™)
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of cultivated S. latissima based on an increase in length in the period from May-June in Central
Norway, where the RGR fluctuated between 0.02 and 0.05 day™ (Forbord et al. 2019). The
ambient NOsz™ concentration is found to vary between 0.4-6.6 uM in that region in that
particular time period (Forbord et al., unpublished data).

It appears that S. latissima requires high ambient NO3™ concentrations for maintaining rapid
growth and are not able to compete for available nutrients with the more efficient
phytoplankton during late spring and summer. This means that S. latissima have to take up
most of the NO3™ needed early in the season when ambient concentrations are high, and that
the period after the spring bloom represents a negative shift in nutrient uptake that involves
sporophyte growth mainly based on internal inorganic- and organic nitrogen components.
The coupling between extracellular nitrate concentration, initial NOs  uptake kinetics,
intracellular NO3™ concentration and specific growth rate is as far as we understand new
fundamental knowledge which makes us better understand the ecological niche and the
nutritional requirements of S. latissima. Such quantitative knowledge is paramount for
understanding both the nutrient- and environmental conditions required for efficient
cultivation of S. latissima as it will have an essential importance for future large-scale
production. This also underscore the importance of careful site selection and for finding the
best suited cultivation and harvesting periods for optimal nutrient utilization.

Our experimental results did not reveal whether the value of U supporting the maximum
growth rate (Umax) was linearly or non-linearly related to the nutritional state of the algae,
expressed in terms of Qn. Under the assumptions made, U can be assumed to be a linear
function of both Qy and the ambient nitrate concentration in the [19, 29] interval (Figure 3).
It is important to note that the relations between Qn and uptake capabilities are most

uncertain for minimal and maximal values of Qu.

4.3 Total intracellular nitrogen content (Qy)

The N-limited sporophytes had significantly lower Qu (19.7 mg N g* DW) than the N-
saturated ones (29.5 mg N g DW), as a result of the preconditioning treatments, and in
agreement with Gerard (1997). Bleaching of tissue, as observed for our N-limited
sporophytes after 8 days of starvation, suggested severe N-limitation, and was most likely

due to the loss of pigment-protein complexes (Chapman et al. 1978; Hanisak 1990). The
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affinity is unlikely to reach zero, reflecting zero uptake, meaning that the algae will exhibit a
minimum affinity for Qv below 36 mg N g™* DW. In the same way, under steady state
conditions where U =, it is expected that algae can maintain a maximum growth rate at a
similar Qy value (c.f., Qu for microalgae; Droop 1968). This means that our N-saturated
sporophytes were close to being nitrogen-sufficient, with capabilities of growing close to
their maximum growth rate. A Qu content of 35 mg N g DW has been previously reported
for N-saturated, juvenile S. latissima (Gerard 1997), which also agrees well with the results
from our model.

The content of Qnv has been found to increase with increasing ambient nitrogen
concentrations (Young et al. 2007; Martinez et al. 2012), and has been suggested to act as a
reliable indicator of the physiological nutritional state of the seaweeds (Manns et al. 2017;
Forbord et al. 2020). The feasibility of Qn as an indicator of nutritional state for S. latissima
has been previously shown over longer cultivation periods along the Norwegian coast where
Qn was highest early in the season and at greater depths where nitrate was not yet depleted
by phytoplankton blooms (Forbord et al. 2020). The decline in Qy content in macroalgae
during the spring and summer are a consequence of metabolic demands exceeding nutrient
uptake during growth.

During the course of the uptake experiment, Qn would potentially increase only by 0.7% after
90 min of incubation given the highest uptake rates (V) for N-limited sporophytes, and even
less for the N-saturated ones (0.3%). This shows that altering the value of Qu is a slow process
and that the initial steady state situation is not greatly affected during the experiment.
Moreover, a maximum value for Qn estimated from the mathematical model was only
approached after more than 20 days at external NOs™ concentrations of 8 uM. It therefore
follows that the reduced nitrate uptake beyond 90 min incubation was mainly an effect of a
reduced ambient nitrate concentration and not an effect of increased feedback on uptake
following increased Qu, reflecting nutritional state. Our results are in line with findings
showing no significant changes in total Qn content one week after nitrate resupply in two

Fucus species that were N-deprived for 15 weeks (Young et al. 2009).

4.4 Intracellular nitrate content (I-DIN)

Our results revealed that young, cultivated sporophytes of S. latissima did not hold large
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reserves of intracellular nitrate (I-DIN) at the conditions of our experiment. We also found
that neither of the sporophyte-groups exhibited a significant increase in the content of I-DIN,
even after 300 min exposure to more than 16 uM of ambient nitrate.

Potentially, if all nitrate taken up during the experiment at the highest concentration was
accumulated directly in the I-DIN pools, the N-saturated sporophytes would increase their I-
DIN content by 17%, which lies within the range of the I-DIN concentrations measured after
the experiment. This suggests that the N-saturated sporophytes could store most of the
surplus nitrate accumulated in the algae without any need for reduction and incorporation in
biomolecules. On the other hand, if the N-limited sporophytes stored all of the nitrate taken
up during the experiment at the highest concentration, their I-DIN pool would increase by
over 700%, which was not the case. As a result, we can infer that the intracellular equilibration
process between N-compartments is a slow process and that the sporophytes must have
incorporated nitrate taken up after perturbation into small molecular N-components, amino
acids and pigments rather than depositing nitrate in the vacuoles.

The highest measured I-DIN value of 0.6 mg NOs” g DW for N-saturated sporophytes was
comparable to the higher range of values found for nitrogen-sufficient sporophytes of S.
latissima (Jevne et al., unpublished data), measuring the I-DIN content in adult, first-year
sporophytes that had been supplied with nutrient rich deep-water and maintained in tanks at
relatively low light intensities. Similarly, cultivated S. latissima at sea followed a seasonal I-
DIN pattern with the highest content in spring at a depth of 8-9 m (0.7 mg NOs g DW)
compared to barely detectable contents towards the summer when ambient nitrate was
depleted (Forbord et al. 2020). As for Qu, I-DIN can be used to express the nutritional state of
the alga because studies have revealed that there is a close and significant relationship
between I-DIN and both growth rate and ambient nitrate concentrations (Wheeler and
Weidner 1983; Young et al. 2007; Jevne et al., unpublished data). I-DIN concentration is also
easily measurable.

The current study did not show a positive linear relationship between I-DIN content and
increasing substrate concentration for either of the two pre-treatments during 300 min of
perturbation, confirming the slow storage process. This is supported by Naldi and Wheeler
(1999), who found a significant increase in I-DIN only after 8-9 days of nitrogen enrichment in

Ulva fenestrata and Gracilaria pacifica, resulting in an increase from < 1% to 7% I-DIN of total
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Qn for the former species and from < 1% up to 2% of Qu for the latter species. I-DIN
contributed to only 1.6% of Qy for N-saturated and 0.02% of Qu for the N-limited sporophytes

in the current experiment.

New and existing growth models for S. latissima and other commercially important seaweeds
(Broch and Slagstad 2012; Hadley et al. 2015; van der Molen et al. 2018) will always require
updates and further development. Information like the seaweed’s nutrient uptake
capabilities of ecologically relevant concentrations can support users in finding suitable
cultivation sites, validate their production expectations and in the longer term predict the
chemical composition like e.g. the amount of harvestable proteins. Nutrient uptake rates can
also be used when calculating the seaweeds capability and efficiency for bioremediation,
especially in areas with heavy nitrogen run-off from land. Experimental studies under
controlled conditions are crucial to further explore the importance of nitrogen uptake and
will strengthen the understanding of macroalgae’s nutrient demand (Lubsch and

Timmermans 2019).

5. Conclusions

Seaweed-based ecosystems are potentially very productive. However, this productivity must
be sustained through the acquisition and utilization of nutrients, particularly nitrogen. S.
latissima is abundant along the Norwegian coast and has its highest growth and nutrient
uptake rates during periods with high ambient nitrate concentration, typically late autumn
to early spring, dependent on latitude. The nitrate concentrations of 2-8 UM used in the
current experiment were ecologically relevant for Norwegian coastal waters, but saturation
kinetics were not found for these concentrations or for concentrations twice as high as the
maximum values found in the natural environment of S. latissima. This indicates that S.
latissima cannot compete efficiently for nitrate in the late spring and summer, where
nutrient starvation is experienced and an increase in biomass in these periods is based on
intracellular nitrogen components (U < um), cf. Equation 5. This pool of intracellular
nutrients mainly consists of nitrogen-containing compounds like proteins and pigments, and
stored inorganic nitrate to a smaller extent, which most likely needs a long time of increased

uptake at high ambient nitrate concentrations to reach high levels. The conservative growth
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strategy and low nutrient uptake of S. latissima is ecologically advantageous in physically
stable environments with restricted but predictable nutrient resource availability, like in
North-Atlantic coastal waters during winter. Knowledge of nitrate uptake kinetics and
utilization capabilities in S. latissima are important aspects for a sustainable scaling up of
seaweed farm production. This enables the farmers to identify potential locations for their
cultivation, to estimate the carrying capacity of the cultivation site, and could predict the

potential biomass production based on the nutritional history of the seaweed.

Acknowledgements

This work was funded by the Research Council of Norway project no. 254883 (MacroSea).
We are grateful to Seaweed Energy Solutions for providing experimental biomass, to the
staff at Trondhjem Biological Station for help with setting up the laboratory facilities, to
Marte Schei (SINTEF Ocean) for analyzing the CN samples and to Aleksander Handa and
Jorunn Skjermo (SINTEF Ocean) for their valuable input during the planning phase of the

experiment.

Conflicts of Interest

Declaration of interest: none

6. References

Abreu MH, Pereira R, Buschmann A, Sousa-Pinto |, Yarish C (2011) Nitrogen uptake
responses of Gracilaria vermiculophylla (Ohmi) Papenfuss under combined and
single addition of nitrate and ammonium. J Exp Mar Biol Ecol 407 (2):190-199

Ahn O, Petrell RJ, Harrison PJ (1998) Ammonium and nitrate uptake by Laminaria saccharina
and Nereocystis luetkeana originating from a salmon sea cage farm. J Appl Phycol 10
(4):333-340

Broch 0J, Alver MO, Bekkby T, Gundersen H, Forbord S, Handa A, Skjermo J, Hancke K (2019)
The kelp cultivation potential in coastal and offshore regions of Norway. Front Mar
Sci 5:529

Broch 0J, Slagstad D (2012) Modelling seasonal growth and composition of the kelp
Saccharina latissima. ) Appl Phycol 24 (4):759-776

Chapman A, Markham J, Liining K (1978) Effects of nitrate concentration on the growth and
physiology of Laminaria saccharina (Phaeophyta) in culture. J Phycol 14 (2):195-198

Corey P, Kim JK, Duston J, Garbary DJ, Prithiviraj B (2013) Bioremediation potential of
Palmaria palmata and Chondrus crispus (Basin Head): effect of nitrate and
ammonium ratio as nitrogen source on nutrient removal. J Appl Phycol 25 (5):1349-
1358



25

Directorate of Fisheries (2020) Akvakulturstatistikk (tidsserier)-Alger (in Norwegian).
http://www.fiskeridir.no/Akvakultur/Statistikk-akvakultur/Akvakulturstatistikk-
tidsserier/Alger. Accessed 30.01 2020

Droop MR (1968) Vitamin B 12 and marine ecology. IV. The kinetics of uptake, growth and
inhibition in Monochrysis lutheri. ) Mar Biol Assoc UK 48 (3):689-733

Druehl L, Harrison P, Lloyd K, Thompson P (1989) Phenotypic variation in N uptake by
Laminaria groenlandica Rosenvinge (Laminariales, Phaeophyta). J Exp Mar Biol Ecol
127 (2):155-164

FAO (2018) The global status of seaweed production, trade and utilization, vol 124.
Globefish Research Programme. Rome

Forbord S, Matsson S, Brodahl GE, Bluhm BA, Broch OJ, Handa A, Metaxas A, Skjermo J,
Steinhovden KB, Olsen Y (2020) Latitudinal, seasonal and depth-dependent variation
in growth, chemical composition and biofouling of cultivated Saccharina latissima
(Phaeophyceae) along the Norwegian coast. J Appl Phycol. doi:10.1007/s10811-020-
02038-y

Forbord S, Skjermo J, Arff J, Handa A, Reitan K, Bjerregaard R, Liining K (2012) Development
of Saccharina latissima (Phaeophyceae) kelp hatcheries with year-round production
of zoospores and juvenile sporophytes on culture ropes for kelp aquaculture. J Appl
Phycol 24 (3):393-399

Forbord S, Steinhovden KB, Rgd KK, Handa A, Skjermo J (2018) Cultivation protocol for
Saccharina latissima. In: Charrier B, T W, Reddy C (eds) Protocols for Macroalgae
Research,. 1st edn. CRC Press, Taylor Francis Group, Boca Raton, FL, London, New
York, NY, pp 37-59

Forbord S, Steinhovden KB, Solvang T, Handa A, Skjermo J (2019) Effect of seeding methods
and hatchery periods on sea cultivation of Saccharina latissima (Phaeophyceae): a
Norwegian case-study. J Appl Phycol. doi:10.1007/s10811-020-02042-2

Gerard VA (1997) The role of nitrogen nutrition in high-temperature tolerance of the kelp,
Laminaria saccharina (Chromophyta). J Phycol 33 (5):800-810

Grasshoff K, Kremling K, Ehrhardt M (2009) Methods of seawater analysis. Third edn. John
Wiley & Sons, Weinheim

Hadley S, Wild-Allen K, Johnson C, Macleod C (2015) Modeling macroalgae growth and
nutrient dynamics for integrated multi-trophic aquaculture. J Appl Phycol 27 (2):901-
916

Hanisak M (1979) Nitrogen limitation of Codium fragile ssp. tomentosoides as determined
by tissue analysis. Mar Biol 50 (4):333-337

Hanisak M (1983) The nitrogen relationships of marine macroalgae. In: Carpenter EJ, Capone
DG (eds) Nitrogen in the Marine Environment. Academic Press, New York, pp 699-
730

Hanisak MD (1990) The use of Gracilaria tikvahiae (Gracilariales, Rhodophyta) as a model
system to understand the nitrogen nutrition of cultured seaweeds. Hydrobiologia
204 (1):79-87

Harrison P, Druehl L (1982) Nutrient uptake and growth in the Laminariales and other
macrophytes: A consideration of methods. In: Srivastava LM (ed) Synthetic and
Degradative Process in Marine Macrophytes. Walter de Gruyter Academic Press, pp.
99-120

Harrison P, Druehl L, Lloyd K, Thompson P (1986) Nitrogen uptake kinetics in three year-
classes of Laminaria groenlandica (Laminariales: Phaeophyta). Mar Biol 93 (1):29-35



26

Harrison P, Parslow J, Conway H (1989) Determination of nutrient uptake kinetic
parameters: a comparison of methods. Mar Ecol Prog Ser:301-312

Harrison PJ, Hurd CL (2001) Nutrient physiology of seaweeds: application of concepts to
aquaculture. Cah Biol Mar 42 (1-2):71-82

Hurd CL, Harrison PJ, Bischof K, Lobban CS (2014) Seaweed ecology and physiology. 2 edn.
Cambridge University Press, Cambridge

Ibrahim A, Olsen A, Lauvset S, Rey F (2014) Seasonal variations of the surface nutrients and
hydrography in the Norwegian Sea. Int J Environ Sci De 5 (5):496-505

Jones AB, Dennison WC, Stewart GR (1996) Macroalgal responses to nitrogen source and
availability: amino acid metabolic profiling as a bioindicator using Gracilaria edulis
(Rhodophyta). J Phycol 32 (5):757-766

Kerrison PD, Stanley MS, Edwards MD, Black KD, Hughes AD (2015) The cultivation of
European kelp for bioenergy: Site and species selection. Biomass Bioenergy 80:229-
242

Kopczak CD (1994) Variability of nitrate uptake capacity in Macrocystis pyrifera
(Laminariales, Phaeophyta) with nitrate and light availability. J Phycol 30 (4):573-580

Lapointe BE, Duke CS (1984) Biochemical strategies for growth of Gracilaria tikvahiae
(Rhodophyta) in relation to light intensity and nitrogen availability. J Phycol 20
(4):488-495

Li H, Zhang Y, Chen J, Zheng X, Liu F, Jiao N (2019) Nitrogen uptake and assimilation
preferences of the main green tide alga Ulva prolifera in the Yellow Sea, China. J Appl
Phycol 31 (1):625-635

Liu H, Wang F, Wang Q, Dong S, Tian X (2016) A comparative study of the nutrient uptake
and growth capacities of seaweeds Caulerpa lentillifera and Gracilaria lichenoides. )
Appl Phycol 28 (5):3083-3089

Lubsch A, Timmermans KR (2019) Uptake kinetics and storage capacity of dissolved
inorganic phosphorus and corresponding dissolved inorganic nitrate uptake in
Saccharina latissima and Laminaria digitata (Phaeophyceae). J Phycol 55:637-650

Manns D, Nielsen MM, Bruhn A, Saake B, Meyer AS (2017) Compositional variations of
brown seaweeds Laminaria digitata and Saccharina latissima in Danish waters. )
Appl Phycol:1-14

Martinez B, Pato LS, Rico JM (2012) Nutrient uptake and growth responses of three
intertidal macroalgae with perennial, opportunistic and summer-annual strategies.
Aquat Bot 96 (1):14-22

Martinez B, Rico JM (2004) Inorganic nitrogen and phosphorus uptake kinetics in Palmaria
palmata (Rhodophyta). J Phycol 40 (4):642-650

McGlathery KJ, Pedersen MF, Borum J (1996) Changes in intracellular nitrogen pools and
feedback controls on nitrogen uptake in Chaetomorpha linum (Chlorophyta). J Phycol
32 (3):393-401

Murray JD (2002) Mathematical Biology: I. An Introduction. 3 edn. Springer, New York

Naldi M, Wheeler PA (1999) Changes in nitrogen pools in Ulva fenestrata (Chlorophyta) and
Gracilaria pacifica (Rhodophyta) under nitrate and ammonium enrichment. J Phycol
35(1):70-77

NSF (1975) NS 4746 Water analysis. Determination of the sum of nitrite-nitrogen and
nitrate-nitrogen (in Norwegian). Norges Standardiseringsforbund, Oslo, Norway



27

Olsen Y (1989) Evaluation of competitive ability of Staurastrum luetkemuellerii
(Chlorophyceae) and Microcystis aeruginosa (Cyanophyceae) under P limitation. J
Phycol 25 (3):486-499

Pedersen MF, Borum J (1997) Nutrient control of estuarine macroalgae: growth strategy and
the balance between nitrogen requirements and uptake. Mar Ecol Prog Ser 161:155-
163

Phillips JC, Hurd CL (2004) Kinetics of nitrate, ammonium, and urea uptake by four intertidal
seaweeds from New Zealand. J Phycol 40 (3):534-545

Pueschel CM, Korb RE (2001) Storage of nitrogen in the form of protein bodies in the kelp
Laminaria solidungula. Mar Ecol Prog Ser 218:107-114

Roleda MY, Hurd CL (2019) Seaweed nutrient physiology: application of concepts to
aquaculture and bioremediation. Phycologia 58 (5):552-562

Sanchez-Barredo M, Ladah LB, Zertuche-Gonzalez JA (2011) Nitrate uptake and duration of
internal nitrogen reserves in the kelp Eisenia arborea. Bot Mar 54 (5):441-446

Stévant P, Rebours C, Chapman A (2017) Seaweed aquaculture in Norway: recent industrial
developments and future perspectives. Aquacult Int 25 (4):1373-1390

Thomas T, Harrison P, Taylor E (1985) Nitrogen uptake and growth of the germlings and
mature thalli of Fucus distichus. Mar Biol 84 (3):267-274

Thomas T, Harrison P, Turpin D (1987) Adaptations of Gracilaria pacifica (Rhodophyta) to
nitrogen procurement at different intertidal locations. Mar Biol 93 (4):569-580

van der Molen J, Ruardij P, Mooney K, Kerrison P, O’Connor NE, Gorman E, Timmermans K,
Wright S, Kelly M, Hughes AD (2018) Modelling potential production of macroalgae
farms in UK and Dutch coastal waters. Biogeosciences 15 (4):1123-1147

Voss M, Bange HW, Dippner JW, Middelburg JJ, Montoya JP, Ward B (2013) The marine
nitrogen cycle: recent discoveries, uncertainties and the potential relevance of
climate change. Phil Trans R Soc B 368:20130121

Wallentinus | (1984) Comparisons of nutrient uptake rates for Baltic macroalgae with
different thallus morphologies. Mar Biol 80 (2):215-225

Wheeler W, Weidner M (1983) Effects of external inorganic nitrogen concentration on
metabolism, growth and activities of key carbon and nitrogen assimilatory enzymes
of Laminaria saccharina (Phaeophyceae) in culture. J Phycol 19 (1):92-96

Young EB, Berges JA, Dring M (2009) Physiological responses of intertidal marine brown
algae to nitrogen deprivation and resupply of nitrate and ammonium. Physiol Plant
135 (4):400-411

Young EB, Dring MJ, Savidge G, Birkett DA, Berges JA (2007) Seasonal variations in nitrate
reductase activity and internal N pools in intertidal brown algae are correlated with
ambient nitrate concentrations. Plant, Cell Environ 30 (6):764-774






Paper 11






The effect of nutrient availability and light conditions on the growth and intracellular

nitrogen components of land-based cultivated Saccharina latissima (Phaeophyta)

Lone Sunniva Jevne!" Silje Forbord?2, Yngvar Olsen®

1 Norwegian University of Science and Technology, Department of Biology, Centre of
Fisheries and Aquaculture, N-7491 Trondheim, Norway
2 SINTEF Ocean, Department of Environment and New Resources, N- 7465 Trondheim,

Norway

* Corresponding author:

Lone Sunniva Jevne, lone.s.jevne@gmail.com



Abstract

The chemical composition of seaweed varies between seasons and depths as an effect of
resource supply and other environmental conditions. These factors are particularly
important to assess for economically feasible species like the kelp Saccharina latissima. This
paper examines how differences in light conditions and nutrient availability affect the
growth and intracellular nitrogen components in S. latissima. This was done through
cultivating sporophytes in land-based tanks with four different combinations of high/low
light and high/low nutrient supply over an experimental period of 20 days, with
measurements of growth rate and subsequent analysis of tissue nitrogen metabolites. The
low light treatments had a significantly lower median light intensity than the high light
treatments, and the tanks receiving deep water (high nutrient) had a significantly higher
concentration of external nitrate than the tanks receiving surface water (low nutrient). The
results revealed that the mean growth rate and the intracellular nitrogen components of the
sporophytes were positively related to the external nitrate concentration during the
experimental period. Further, the growth rates were higher for the sporophytes grown
under ‘low light, high nutrient’ conditions than those grown under ‘high light, high nutrient’
conditions. No positive correlation was found between growth rate and different light levels.
This indicates that nitrate was the primary controlling factor for growth at both high and low
light treatments. The pattern found for the contents of intracellular nitrogen components

agreed with this conclusion.
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Growth rates, Intracellular nitrogen components, Light intensity, Nutrient availability,
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1 Introduction

Seaweed cultivation is increasing rapidly along the North Atlantic coasts (Stévant et al. 2017;
Grebe et al. 2019; Forbord et al. 2020), while farming of seaweed has been an established
industry for decades in many Asian countries, producing almost 30 million metric tons per
year (FAO 2018). Seaweed biomass is mainly used for human consumption and in the
phycocolloid industry, but it also has a wide range of applications as feed ingredients,
fertilizers, biofuels, and biochemicals (Skjermo et al. 2014; Barbier et al. 2019; Buschmann
and Camus 2019). Deposition of seaweed biomass has even been considered for future

carbon capture and storage (Bio-CCS, Krause-Jensen et al. 2018).

One of the most common and promising species for large scale cultivation in Norway is the
kelp Saccharina latissima (Linnaeus) with a production of 174 metric tons in 2018
(Directorate of Fisheries 2020). It has a high potential of growth (Handa et al. 2013; Peteiro
and Freire 2013; Bak et al. 2018; Sharma et al. 2018), high content of valuable components
(Holdt and Kraan 2011; Schiener et al. 2015; Bak et al. 2019) and a well described life cycle
(Flavin et al. 2013; Redmond et al. 2014; Forbord et al. 2018). The growth rate of S. latissima
varies over the seasons and the important factors for controlling growth are believed to be
light intensity, ambient nutrient concentration, temperature, salinity, and seawater currents
(Broch and Slagstad 2012; Bartsch et al. 2008; Xiao et al. 2019). In the same way that
macroalgae have adapted to various light and temperature regimes, they have also adapted
to different ambient nutrient levels. Because S. latissima can store nutrients as internal
nitrate in the vacuoles (Hurd et al. 2014) and grow at relatively low temperatures, they
benefit from growing in temperate areas where the nutrient availability varies over the

seasons (Pedersen and Borum 1996; Gordillo 2012).

Nitrogen (N) can exist in different forms in seawater; as an inorganic form like nitrate (NO3’),
nitrite (NOy’), or ammonium (NH4*); or as part of organic substances like dissolved (DON) or
particulate (PON) nitrogen (Capone et al. 2008; Hurd et al. 2014). In temperate regions, the
ambient concentration of NOs™ will vary with depth and season, and will normally show an
inverse trend to temperature, with a reduction in spring and summer due to uptake by
phytoplankton (Rey et al. 2007; Young et al. 2007; lbrahim et al. 2014; Broch et al. 2019).

The opposite pattern is common for DON and PON (Sipler and Bronk 2015). For most



temperate areas, NOs™ concentration will vary from undetectable to around 420 pg L (Hurd
et al. 2014). In the Trondheimsfjord (Central Norway) the concentration of NOs" is typically
around 140 pg L' at 70 m depth across all seasons (Forbord et al. 2012), and remain at this
level for deeper depths. This is a typical feature of Norwegian North East Atlantic deep-
water, and 140 pg L represent the highest natural nitrate concentration experienced by

macroalgae.

Light intensity will affect the N uptake indirectly because the demanded energy for the
active uptake and fixating of N to molecules and proteins comes from photosynthesis
(Lapointe and Tenore 1981; Hurd et al. 2014). It has been shown that S. latissima grown
between 10-15 °C at a high light intensity of 250 umol m2 s showed a 50% lower growth
rate compared with kelps grown at 110 pmol m2 s, which was found to be the optimum for
photon flux in this temperature interval (Fortes and Liining 1980). The degree of photo
inhibition under conditions of high light exposure was shown to be proportional to light
intensity and exposure time (Bruhn and Gerard 1996). Chapman et al. (1978) found that
photosynthesis in S. latissima increased with increasing internal NOs™ pools. Moreover,
Chapman and Craigie (1977) found that the growth of Laminaria longicruris in temperate
seawater increased during spring as a result of the high ambient NO3™ concentrations during
winter, assuming storage of NOs™ in the tissues followed by depletion of NOs™ reserves and

decreased growth during the summer months.

The aim of this experiment was to examine how various light conditions and nutrient
availability affected the growth and intracellular nitrogen components in cultivated S.
latissima. This was carried out by growing sporophytes in land-based tanks with four
different combinations of high/low light intensities and high/low nutrient supply over an
experimental period of 20 days with subsequent analysis of tissue nitrogen metabolites. The
chemical composition of macroalgae varies between seasons, environmental conditions, and
depths, and these factors are particularly important to assess for economically feasible

species like S. latissima.



2 Materials and methods

The experiment with S. latissima was carried out in the outdoor research facility of Seaweed

Energy Solution AS (63°44'N, 10°34'E) in Trondheim, between May and June 2014.

2.1 Experimental design and sampling

2.1.1 Collection of sporophytes and experimental set up

The sporophytes used in the experiment were cultivated according to Forbord et al. (2018).
The incubation time in the laboratory was 8 weeks and the seeded lines were deployed at
sea in the outer coastal area of Central Norway (63°42'N, 8°52'E) in October—November
2013. The visible epiphyte-free sporophytes were harvested in May 2014, at an average
frond length of 45.8 + 2.4 cm (n = 40), and transported, cold and moist, to the experimental
site. Immediately after arrival, the sporophytes were transferred to seawater filled tanks (r =
0.75m, h=0.75 m, volume = 1325 L) and were later fixed to ropes on PVC frames (100 x 50
cm) with cable ties and placed in the bottom of the tanks. The adult sporophytes used in the
experiment were collected from the same location within a few days, assuming that the
differences between them were minimal. The sporophytes that had visible mechanical

damage from the sampling were discarded.

The experiment included four treatments, each with two replicate tanks. Two different
sources of water were used: surface water to simulate growth in a nutrient depleted
environment and deep water to simulate growth in a nutrient saturated environment. Plant
cover filters (Axley) were used on top of the experimental tanks to simulate growth at high
or low light levels and to ensure that the sporophytes did not suffer from photo inhibition.
One layer of plant cover diminished light to 30% compared to no cover and represented high
light intensity, while four layers of plant cover represented low light intensity. The
treatments combined either surface water or deep water (low and high nutrient
concentrations, respectively) and either one or four layers of plant cover filter (high and low
light intensity, respectively). This gave four treatments with the following combinations of

light intensity and water quality:



S1: Surface water and one layer of plant cover filter (‘high light, low nutrient’)
S4: Surface water and four layers of plant cover filter (‘low light, low nutrient’)
D1: Deep water and one layer of plant cover filter (‘high light, high nutrient’)
D4: Deep water and four layers of plant cover filter (‘low light, high nutrient’)

The environmental conditions of S1 represented the low nutrient situation in surface waters
during late spring and summer, whereas D4 represented the high nutrient situation in
deeper waters. The environmental conditions of S4 and D1 are more uncommon in nature,

but were biologically interesting to include.

The surface water was pumped from 1 m and the deep water from 100 m depth from the
fjord outside the experimental location. The flow through rate in the tanks was set to 3 L
min and gave a water exchange rate in the tanks of 3 times per 24 h. To even out the
variation in temperature that occurred due to the different depth of the water sources, the
surface water was pumped through a cooling system placed in the deep-water basin before
transported to the experimental tanks. Each tank had an aeration system at the bottom to
ensure water circulation. The experimental tanks were placed in an order of 3 x 3 on a pier
with direct temporal exposure sunlight from south and east (Figure 1). One of the replicate
tanks for each treatment was placed on the edge of the pier facing east or south and the rest

in the middle to spread the light exposure among the replicas.



Figure 1 Experimental tank placement. High nutrient treatments (deep water; D) are shown
in dark grey circles and low nutrient treatments (surface water; S) are shown in light grey
circles. High light treatments are marked with 1, representing one layer of plant cover. Low
light treatments are marked with 4. The two replicate tanks are marked with | and Il. Stripes

illustrate the sea.

2.1.2 Sampling and measurements

The sporophytes were acclimatized to the new culture conditions for 4 weeks after
harvesting and transfer to the experimental tanks. Subsequently, five individuals from each
tank were collected every fifth day for chemical analysis (four times over 20 days in total).
The sporophytes were placed in pre-labelled zip-lock bags and frozen at -18 °C until
analyzed. Frond elongation was measured using the punch hole method at each sampling
day (Parke 1948). The growth rate in terms of length (mm day™) in periods between

sampling was calculated based on length measurements.
2.1.3 Environmental conditions

Onset Application HOBO loggers (temperature accuracy + 0.53 °C, resolution 0.14 °C) placed
in the bottom of the tanks were used to log temperature (°C) and light intensity (LUX) every

15 min throughout the experimental period. Light was converted from LUX to PAR with the



conversion factor for blue sky only (Lux x 521) (Thimijan and Heins 1983). Light was then
averaged for light received between 08:00-20:00 to exclude night-time values. One of the
loggers malfunctioned during the experiment and light levels were not captured in that tank
(S4-1). The light intensity was in addition measured before start in one of the tanks with one
layer of plant cover filter with a spectrophotometer (JAZ, Ocean Optics). The temperature at
the surface of the tanks was measured manually once a week as a control. Water samples
were taken for nutrient analysis twice a week from the tanks and filtered through a 0.2 pm

polysulfone filter before being frozen at -18°C until analyzed.

2.2 Chemical analysis.

Five semi-frozen individual sporophytes from each sampling were milled with a kitchen

grinder (Kenwood PRO 1500) or a hand-blender and put back in the freezer.

2.2.1 Dry weight

The dry weight (DW) was determined by weighing samples of 1.19 + 0.01 g (mean * SE) algal

material before and after drying for 24 h at 70 °C in a Fermaks oven.
2.2.2 Carbon and nitrogen analysis

Carbon and nitrogen (CN) contents were analyzed for the whole thalli. The samples were
dried for 24 h at 70 °C in a Fermaks oven and milled (MFC mill, Janke & Kunkel) into a fine
powder that was used for further analysis. Samples of 0.4—1.0 mg dried kelp powder were
transferred to tin capsules and CN was analyzed in quadruplicate with a Carlo Erba Element

Analyzer (model 1106).
2.2.3 Protein content

The nitrogen component was used to calculate the protein content of the samples by using a
nitrogen-to-protein conversion factor (K;) of 3.8. This factor was determined based on
measurements of total amino acids for locally cultivated S. latissima sporophytes (Forbord et
al. 2020). Protein results that are further discussed in this paper are based on this method.
Protein content was also analyzed with the colorimetric Bio-Rad DC Protein Assay according
to the manufacturer’s specification (BIO-RAD 2013). This Bio-Rad method is an improved

version of the Lowry assay (Lowry et al. 1951), and the results were compared with the



protein estimates based on nitrogen and the K, factor. In the Bio-Rad protein extraction
procedure, semi-thawed algae material (1.16 + 0.01 g, mean * SE) were measured and
transferred to 15 mL centrifuge tubes (Cellstar) with triplicates from each sample. Sodium
hydroxide (NaOH, 0.5 M, 10 mL) was added to the tubes, which were then vortexed before
they were frozen in liquid nitrogen. The tubes were thawed at room temperature, boiled for
30 min, cooled to room temperature, and stored in a refrigerator for 24 h. One hour before
centrifuging the samples, they were shaken and put in the refrigerator again. The samples
were then centrifuged for 15 min (4000 RCF) in a table centrifuge (Kendro megafuge). The
supernatants were extracted and kept at -18 "C. NaOH (0.5 M, 10 mL) was added to the
precipitates, which were then shaken, boiled for 30 min and cooled for 24 h. This was
repeated until the supernatants from 3 rounds were collected in the same tube for each
parallel. From the thawed supernatant, 100 pL was pipetted into glass test tubes. There
were two parallels for each collection of supernatants. BIO-RAD DC reagent A (500 pL) was
added to the test tubes and they were vortexed. Then, 4.0 mL BIO-RAD DC reagent B was
added and the tubes were vortexed again. After 15 min the absorbance was read at 750 nm
in a spectrophotometer (JENWAY 6715 UV/Vis). Absorbance values were used to calculate
the concentration of proteins in the algal material, through comparison with a standard

curve of absorbance measurements from known concentrations of bovine serum albumin.

2.2.4 Intracellular dissolved nitrate (I-DIN) and small molecules of intracellular organic

nitrogen (I-DON)

Semi-frozen S. latissima material (0.12 = 0.00 g; mean + SE) from each sample was
transferred to a test tube with a cork and filled with 12 mL of distilled water. The samples
were boiled for 30 min, cooled, and filtered through a 0.45 um polysulfone syringe filter to
remove algal debris. The concentration of intracellular dissolved nitrate (NOs’, NO2) in 0.6
mL of extract was determined using an auto analyzer (Flow Solution IV System, O.1
Analytical), according to Norwegian Standard 4745 (NSF 1975). The remaining 0.6 mL of
extract was oxidized by adding sodium hydroxide (3 mL) and potassium peroxide sulphate
(12 g L'Y), autoclaving for 20 min, and analyzing for nitrate using the auto analyzer. The small
molecules of intracellular organic nitrate (I-DON) were calculated as the difference between

the total dissolved nitrate and inorganic nitrate in the same sample.
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2.2.5 External inorganic nitrate (E-DIN)

The water samples from the experimental tanks were analyzed for dissolved nitrate in the
water (E-DIN) using the auto analyzer, as described above. In order to better capture the
environment that the sporophytes were grown in, the E-DIN measures were calculated as

the moving average of the last 5 measurements.

2.3 Statistics

Variables were checked for normality (using a Shapiro-Wilk test), outliers, and homogen
variance between groups (using a Levene’s test). Based on these tests, the variables I-DIN, E-
DIN, and total intracellular nitrogen (Qn, mg N g*DW) were subjected to transformation by
the natural logarithm to conform to normality inside groups, no outliers, and homogeneity
of the variances. Variances among treatments were tested with a two-way ANOVA with
planned contrasts: first between water sources, then between light sources among the same
water treatments. The variables tested with this two-way ANOVA were I-DON, Protein,
Growth, and the logarithmically transformed variables In(I-DIN) and In(E-DIN +1). The
assumptions of heteroscedasticity and normality of the errors were checked in residual
plots. Where there was evidence of heteroscedasticity, a linear model was fitted using
generalized least squares, where it is possible to allow for different variances in the grouping
factors. The variables Qn and Q¢ (mg C g*DW) did not show normality in each treatment and
were tested with Kruskal-Wallis tests, and post hoc multiple comparisons were checked by
Dunn’s test with Bonferroni adjustment. A comparison of protein yield between two

different methods was tested by an independent-samples t-test.

Relationships between variables were investigated by linear regression or by correlation,
where the fit did not hold the assumptions of random error and homoscedasticity for the
residuals. Pearson’s correlation (r) was used if the assumptions of linear relationship, no
outliers, and normality among the variables held. Where the assumption about linearity and
outliers were violated but the variables showed a monotonic relationship, Spearman’s rank

correlation (rs) was used.

All statistical analysis were done in R (3.6.1; R Core Team 2019) except the independent-

samples t-tests, which were run in IBM SPSS Statistical software (Version 25). The significant
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threshold was a = 0.05. Values are given as an average of the duplicate tanks + standard
error (SE), if not otherwise specified. For values given as median, the variation is given as +
median absolute deviation (MAD). Effect sizes are given as Cohen’s d (Sullivan and Feinn

2012). In addition to R, plots were made using Systat SigmaPlot software (version 14).
3 Results

3.1 Light conditions

The tanks exposed to reduced light conditions (D4 and S4) had a median PAR intensity of
13.9 + 8.1 pmol m? st (median + MAD), whereas the median for tanks exposed to higher
light (D1 and S1) was 34.2 + 22.9 umol m?2 s (Figure 2). The PAR intensity was significantly
different between the two treatments (H1 = 48.9, p < 0.001). Multiple comparisons of the
mean ranks between treatment groups showed that the light intensity only differed
significantly between groups set up with different light regime, but not within these regimes

(Hs = 54.3, p < 0.001).
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Figure 2 Mean light intensity (PAR, umol m s) for the treatments in the experimental
period (1519t of June 2014). The individual mean light intensities each day (08:00-20:00) is

shown as light gray dots in the plot. Notches extend 1.58 * IQR/sqrt(n), giving roughly a 95%
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Cl. Whiskers extend from the hinge to the largest or smallest value within 1.5*IQR from the

hinge. Values outside this are shown as a black dot.

3.2 Temperature

The mean water temperature was 10.2 + 0.1 °C in tanks receiving deep water (D1 and D4)
and 13.1 £ 0.2 °Cin tanks receiving temperature acclimated surface water (S1 and S4, Figure
3). The differences in temperature were relatively small, and a significant difference was
found between the water sources (Hs = 86.3, p < 0.001), but not within water source (p >

0.05).

|

sl s4
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[

Mean temperature ° C measured

Debh whter eep vter Shrfiee Waier  Surfee whter
Figure 3 Mean water temperature (°C) in the experimental period (1519t of June 2014).
Boxplot width is scaled for number of observations, and the mean individual temperature
measurements are shown as light gray dots in the plot. Notches extend 1.58 * IQR/sqrt(n)
giving roughly a 95% Cl. Whiskers extend from the hinge to the largest or smallest value

within 1.5*IQR form the hinge.

3.3 External nitrate concentration (E-DIN)

The external nitrate concentration (NOs + NO>; E-DIN; ug NOs-N L?), increased with time, but

this increase was only significant for treatments receiving surface water (r = 0.88, p < 0.01).
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Figure 4 summarizes the range of values, medians, and quartiles found for the different
treatments in the experimental period. It illustrates higher E-DIN concentrations and
variability in D4 compared to D1; both received deep water but were kept at different light
intensities. Nitrate levels differed significantly between the tanks supplied with deep water
(median = MAD 36.6 + 20.8) and those receiving surface water (median + MAD 5.07 + 3.56,
Hs = 25.6, p < 0.001). The difference found for tanks supplied with deep water was
unexpected and likely a result of variable supply rate of deep water to the individual tanks.
Although the difference was not statistically significant, it created a gradient in nitrate
concentration in the deep-water treatments (D1 and D4) that were useful for understanding

the interactions of light and nutrient supply with the sporophytes.
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Figure 4 Concentration of external nitrate (E-DIN, ug NOs-N L) in different treatments (D1,
D4, S1, S4) during the acclimation and experimental period (11% of May—19t" of June 2014).
Boxplot show lower, middle, and upper quantiles. Notches extend to median + 1.58 * IQR
/sqrt(n) and gives a rough 95% confidence interval for the median. Whiskers extend from the

hinge to the largest or smallest value within 1.5*IQR form the hinge.
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3.4 Growth rates

Figure 5 shows the mean growth rate in length (mm day) of the seaweed for the different
treatments. The mean growth rates in surface water (S1 and S4) were not significantly
different for sporophytes grown in high light (0.273 + 0.109 mm day) and low light (0.220 +
0.100 mm day?, d = 0.5, 95 % Cl: -0.58 - 1.59, p > 0.05). However, for deep water (D1 and
D4), sporophytes grown in low light showed a growth rate (0.744 + 0.115 mm day?)
significantly higher than those grown in high light (0.475 + 0.164 mm day?, H1 = 8.04, p <
0.01) and the effect size was very strong (d =-1.9, 95% Cl: -3.2 - -0.61, p = 0.01). This may be
a result of the higher nitrate concentrations for low light treatments compared to high light
treatments (Figure 4), suggesting that nitrogen is most likely the primary limiting factor for

growth in all treatments.
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Figure 5 Mean growth rate in length (mm day) obtained for sporophytes maintained at

different light levels (high light level: black circle, low light: grey triangle) in surface and deep
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water for two replicate tanks in the experimental period. Bars express 95% confidence

interval based on non-parametric bootstrap (b=1000) on the different groups (n=2).

The regression of growth rate versus water type x light level was significant (F3 28 =29.3, p<
0.001, adjusted R? = 0.733). However, there was a small tendency of heteroscedasticity
among the covariates and a linear model allowing for differences in variance between the
variables was fitted using a generalized least square regression with maximum likelihood
(see model in Table 3). The interaction term water type x light level was found to be
significant (F1,28 = 13.4, p < 0.01), with a small effect size of 0.17. This might suggest that the
growth rate of the sporophytes was affected differently by light levels when grown in deep

water, but not in surface water. It might also have been due to the nitrate gradient.

3.5 Intracellular N-components and external nitrate (E-DIN)

The measured intracellular nitrogen components showed a positive but variable relationship
with E-DIN in the period before harvesting (I-DIN, Figure 6A). Sporophytes maintained in
tanks supplied by surface water showed the lowest I-DIN levels (0.052 + 0.009 mg N g DW
for S1 and S4), whereas those supplied by deep water showed highly variable contents
(0.122 £0.027 mg N g* DW for D1 and 0.687 + 0.136 mg N g'* DW for D4). The highest values
were found for sporophytes maintained in deep water at low light intensity and high E-DIN
concentrations (D4, Figure 4). Regression analysis on the logarithmically transformed
variables showed a significant positive relationship between In(I-DIN) and In(E-DIN +1) and a
significant interaction between In(E-DIN +1) and water source (p < 0.001, Table 1). Inclusion

of the interaction term made the model significantly better (p < 0.01).

I-DON did not exhibit a clear relationship to E-DIN (Figure 6B). Values were scattered and
sometimes very high for low E-DIN, suggesting that the N-deprived sporophytes may have
undergone intracellular hydrolysis before or during analysis; it cannot be excluded that this
also affected the I-DON values for less nutrient deprives sporophytes at high E-DIN. The
pattern found for sporophytes maintained in deep water suggested saturation in I-DON
above an E-DIN concentration of 30 ug N L. Regression analysis on I-DON and the
logarithmically transformed variable E-DIN did not show a significant positive relationship

between the two (I-DON and In(E-DIN +1), p > 0.05, Table 1).
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Figure 6C shows Qn (mg N g'* DW) and protein contents (PROT, mg g DW, proportional to
Q) as a function of E-DIN, showing an overall positive correlation between the
untransformed variables (rs = 0.67, p < 0.001). The overall pattern suggested a saturation
level for Qn of ~20 mg N g'* DW and ~80 mg protein g'* DW for E-DIN concentrations above
30 pug L. Sporophytes supplied with surface water (S1 and S4) had a mean total Qn of 9.96 *
0.41 mg N gt DW whereas those supplied by deep water had mean Qn of 13.3 +0.77 mg N
g DW for D1 and 19.8 + 0.48 for D4, corresponding to 37.8, 50.5, and 75.2 mg protein g
DW, respectively.
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Figure 6 Intracellular nitrogen components as a function of mean external nitrate
concentration (E-DIN, pug N L'). A: Intracellular nitrate (I-DIN, mg N g'* DW), B: Intracellular
organic small molecular nitrogen (I-DON, mg N g* DW), C: Total intracellular nitrogen (Qu,
mg N g'* DW) and protein (PROT, mg protein g'* DW). Mean E-DIN was estimated as the
mean of the last five measurements. Bars express 1SE of the mean if exceeding symbols.

Regression coefficients are given in Table 1.

Table 1 Regression coefficients derived by linear regression or Spearman correlation
coefficient of internal cellular components. Intracellular nitrate (I-DIN, mg N g'* DW),
intracellular organic small molecular nitrogen (I-DON, mg N g* DW), protein contents (mg g*
DW), total intracellular nitrogen (Qn, mg N gt DW), and the moving average (last five
measurements) of the nitrate concentration in the water (E-DIN, pg N L), not the

concentration on the day. Regressions and coefficients are marked with asterisks if

significant (*: p< 0.05, ** p< 0.01, *** p< 0.001).

R? (adjusted) = 0.65 (0.61)

B1* In(E-DIN+1) +

B> * water source +

B3 (water source * In(E-
DIN+1))

Relationship Function Bo (£SE)

B1 (£SE)

B2 (£SE)

Bs (£SE)
In(I-DIN) vs In(E-DIN +1) *** f(y) = Bo+ -6.64 (1.82)**

1.54 (0.53)**
7.42 (2.64)**
-3.52 (1.06)**

coefficient

I-DON vs In(E-DIN+1) f(y) = Bo+ 3.21(1.22)*
B1* In(E-DIN+1) 0.569 (0.43)

R? (adjusted) = 0.055 (0.024)

Qn (and Kp )vs In(E-DIN+1) Spearman correlation 0.73 ***
coefficient

I-DON vs I-DIN Spearman correlation 0.71 ***
coefficient

PROT vs I-DIN Spearman correlation 0.51%*
coefficient

Qn vs I-DIN Spearman correlation 0.68***
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Because the protein content is based on Qu, protein showed the same correlation with E-DIN
as Qn. Qn and protein of treatments in different water sources were significantly different
(H1=19.11, p < 0.001). The highest values were found for sporophytes maintained in deep
water at low light intensity, and comparisons between all groups (Hs =24.47, p < 0.001) with
post hoc tests showed that D4 was significantly different from treatments supplied with
surface water (S1 and S4, p < 0.01) and from the treatment supplied with deep water and

high light (D1, p = 0.05).

The total carbon contents (Qc, mg C g DW) was 292 + 4.4 g2 DW in surface water (S) tanks
and 278 + 6.5 mg C g DW in deep water (D) tanks, and accordingly slightly lower in the most
protein rich sporophytes. The difference between S and D tanks was, however, not

statistically significant (H1 = 2.51, p > 0.05).

3.6 Intracellular N-components and intracellular nitrate (I-DIN)

The measured intracellular nitrogen components in the sporophytes showed an overall
positive relationship to I-DIN (Figure 7). I-DON values for low I-DIN sporophytes were highly

variable (Figure 7A) for reasons suggested above in Section 3.5.

Qn and protein (Figure 7B) showed saturation type relationships with an increasing cellular I-
DIN. The patterns of variation of both were slightly different from that seen for E-DIN (Figure
6), as D1 values grouped with S values to greater degree, whereas D4 values were higher

throughout. All cellular N components in Figure 7 showed saturation levels for I-DIN content

beyond 0.3-0.4 mgN g* DW.
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Figure 7 Intracellular nitrogen components as function of intracellular nitrate (I-DIN, mg N g
DW). A: Intracellular organic small molecular nitrogen (I-DON, mg N g’* DW), B: Total
intracellular nitrogen (Qn, mg N gt DW, left axis) and protein contents (mg g™ DW, right
axis). Bars express 1 SE of the mean if exceeding symbols. Correlation coefficients are given

in Table 1.

3.7 Relationship between algal growth rate and nitrogen components

The mean growth rate (mm day) of the sporophytes is plotted as functions of extracellular
(E-DIN) and intracellular variables in Figure 8. The growth rate of frond length showed clear
saturation relationships to both E-DIN (Figure 8A) and I-DIN (Figure 8B), whereas the
relationship between growth rate, Qn, and protein appeared linear and more scattered.
Tables 2 and 3 review the statistical coefficients obtained for the relations illustrated in

Figure 8.
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Figure 8 Sporophyte growth rate in length (mm day™?) as a function of external and internal
nitrogen components. A: Growth rate (mm day) as function of external nitrate
concentration (E-DIN); B: Growth rate (mm day™) as a function of intracellular nitrate
contents (I-DIN); C: Growth rate (mm day?) as a function of total intracellular nitrogen (Qu,
mg N g'* DW) and protein (mg protein g’* DW. Bars express 1 SE of the mean if exceeding

symbols. Regression coefficients are given in Table 3.

Table 2 Correlation coefficients (Pearson or Spearman) for relationships between growth
rate and nitrate in the water (E-DIN, pug N L}, moving average last five measurements),
Intracellular nitrate (I-DIN, mg N gt DW), total intracellular nitrogen (Qn, mg N g1 DW),
intracellular organic small molecular nitrogen (I-DON, mg N g DW) and protein contents
(mg gt DW). Significant correlation coefficients are marked with asterisks (* p < 0.05, ** p <

0.01, *** p < 0.001).

Relationship Correlation coefficient
Growth rate vs In(E-DIN) Pearson: 0.82 ***
Growth rate vs In(I-DIN) Pearson: 0.71 ***

~| Deep water (D) Pearson: 0.72 **

~| Surface water (S) Pearson: -0.3

Growth rate vs Qnand Protein Pearson: 0.67 ***
Growth rate vs I-DON Pearson: 0.38 *
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Table 3 Least square regression of growth rate (i) regressed on water*light (treatments),

nitrate in the water (E-DIN, pug N L, last five measurements), Intracellular nitrate (I-DIN, mg

N g1 DW) and total intracellular nitrogen (Qn, mg N g DW. Variation was allowed to vary

between treatments, and estimated standard deviation is given for each treatment.

Regression coefficients are marked with asterisks if significant (* p < 0.05, ** p <0.01, *** p

<0.001).
What Function Bo (£SE) Estimated SD and
B1 (£SE) multiplication factors
B2 (£SE)
Bs (£SE)
K vs Water*Light f(y) = Bo+ 0.48 (0.058) *** D1:1.00 * 0.15=0.15
B1*water + -0.20 (0.069) ** D4:0.70 *0.15=0.11
B, *light + 0.27 (0.071) *** $1:0.67 * 0.15=0.10
AlC Bs *water*light | -0.32(0.088) ** S4:0.61 * 0.15=0.09
-33.4

K vs In(E-DIN+1)

AIC
-28.3

f(y) = Bo+
B1*In(E-DIN+1)

-0.236 (+0.087) *
0.239 (£0.034) ***

D1:1.00 * 0.120=0.120
D4:1.61 *0.120=0.193
$1:0.83 * 0.120 = 0.100
S4:1.01 * 0.120=0.121

pvs In(I-DIN)

AlC
-33.5

f(y) = Bo+
B1*In(I-DIN) +
B, * water +
Bs *In(I-DIN) *
water

0.789 (£0.054) ***
0.127 (+0.034) ***
-0.673 (+0.110) ***
-0.165 (+0.439) ***

D1:1.00 * 0.143=0. 143
D4:0.83 *0.143=0.119
$1:0.75 * 0.143 = 0.107
S4:0.59 * 0.143 = 0.084

s Qn

AlC
-36.3

f(y) = Bo+

Bi* Qn+

B, *water +

Bs * Qn *water

-0.004 (+0.183)
0.038 (0.010) ***
0.558 (+0.234) *
-0.068 (+0.018)***

D1:1.00 * 0.170=0.170
D4:0.55 * 0.170 = 0.094
$1:0.47 * 0.170 = 0.080
S4:0.61 * 0.170 = 0.104

The mean fraction of I-DIN associated with Qn varied from 0.43—0.61 % of Qu for the S4 and

S1 treatments, respectively, and from 0.97-3.6% of Qn for the D1 and D4 treatments,

respectively. The sporophytes cultivated in deep water showed accordingly higher (although

variable) contents of I-DIN than those cultivated in surface water, and I-DIN constituted only

a minor part of the total intracellular nitrogen.
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3.8 Comparison of protein estimation methods

The nitrogen-to-protein conversion factor (Kp) of 3.8 gave slightly higher and less scattered
protein contents in S. latissima than the Bio-Rad method for all treatments, except for the S1

treatment (Figure 9). The differences were, however, not significant for any of the

treatments (p > 0.05).
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Figure 9 Comparison of protein content (mg g DW) based on the nitrogen-to-protein

conversion factor (K,) of 3.8 mg protein mg® N and Bio-Rad analysis for the different

treatments. Mean % SE, n=8.

4 Discussion

The main objective of the present study was to assess how the growth and internal nitrogen
metabolites of S. latissima were affected by different light and nitrate regimes. The low light
treatments had a significantly lower median for light intensity than the high light treatments
(p <0.001) and the tanks receiving deep water had a significantly higher concentration of
nitrate (E-DIN) than the tanks receiving surface water. There were pronounced variations in
both light levels and E-DIN concentrations received in the tanks with the same treatment,

resulting in gradients in light and nutrients across treatments. The overall conclusions on the
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primary controlling resource of the sporophytes were apparent. The mean growth rate of
the sporophytes for all treatments combined was positively related to the mean E-DIN
concentration during the experimental period (Pearson’s r = 0.82, p < 0.001), whereas there
was no clear pattern between growth rate and light level. This indicated that nitrate was the
primary controlling factor for growth in both high and low light treatments, according to the
Liebig's law of the minimum (de Baar 1994). The significant positive relationship between
growth rate and E-DIN concentration found in this study has also been found in earlier

experiments (Handa et al. 2013; Kerrison et al. 2015; Boderskov et al. 2016).

The high variability in the light intensity measured in the different tanks within the same
light treatments was assumed to be because of edge effects, i.e., the sides of the tanks were
not lightproof, leading to higher light intensities for tanks not shaded by others. Two of the
high light treatment tanks placed on the edge were exposed to light levels that temporarily
reached 250 pmol m2 s during the day (D1-11 24 days, S1-11 8 days, data not shown), which
could have been high enough to cause photo inhibition (Fortes and Liining 1980). On the
other hand, periodic shading of the light sensors situated at the bottom of the tanks by the
growing sporophytes may have resulted in lower measured irradiance than what the

sporophytes actually experienced.

Although the sporophytes’ growth rates were positively related to the E-DIN concentration
for all treatments combined (r=0.82, p < 0.001, Table 2 ), it cannot be completely excluded
that the growth measured in D1 was temporarily photo inhibited during parts of the
experiment due to the high light recorded in one of the tanks over two thirds of the days.
Photo inhibition may then have explained the lack in overall mean correlation between
growth and light. As further discussed below, the pattern found for intracellular nitrogen
components in the algae supported nitrogen limitation, as the contents of nitrogen

components formed a continuous pattern with both E-DIN and growth rate.

One important finding in the current experiment was that the sporophytes grown with high
nutrient and low light (D4) showed a higher growth rate than those grown in a high nutrient
environment with higher light levels (D1, p < 0.01). This was most likely caused by the higher
E-DIN concentration measured in the D4 tanks compared to the D1 tanks. The E-DIN

concentration measured in the D1-I tank was significantly lower than that measured in the
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D4-Il tank standing right next to it, but both tanks received deep water. A possible
explanation for the difference in E-DIN concentration in tanks receiving similar deep water
might be that there was a difference in the community of opportunistic diatoms, which was
observed growing on some of the tank walls, but not quantified. It may also be an effect of
accidental differences in the water supply rate of deep water to the tanks or of minor
variation in the biomass distribution. The measured increase in E-DIN concentration for all
tanks during the experimental period is probably explained by the decrease in biomass as
sporophytes were removed systematically for chemical analysis. This increase was only

significant for treatments receiving surface water (S1 and S4).

An earlier study showed that the specific growth rate of S. latissima increased with the E-DIN
concentration up to 70-140 pg NO3-N L1 (Wheeler and Weidner 1983). It is therefore likely
that the algae of our experiment did not experience growth saturating concentrations of
external NOs™. This supports our conclusion that NOs"is limiting for all treatments, including
D4, which was exposed to the highest concentrations. This conclusion is also in agreement
with previous results for the growth capabilities of S. latissima. The highest growth rates
recorded in earlier studies are 8—17 mm day™, obtained in June (Parke 1948), and 10-20 mm
day?, obtained in March to May (Nielsen et al. 2014). The highest growth rate found in D4 in
our study was 7.7 mm day?, likely lower than the maximum growth rate that might be

obtained in saturating conditions of NO3™ and light.

The temperatures received in this experiment were within the optimal range of 10-17 °C for
S. latissima (Druehl 1967; Fortes and Liining 1980), and the small temperature differences
between surface water and deep water treatments did not apparently affect the results very

much.

Our combined results for the four treatments revealed a complete pattern of variation in
intracellular nitrogen components of nutrient deprived and more nutrient sufficient S.
latissima. Sporophytes grown in surface waters (S treatments) experienced low ambient
nitrate concentrations and were characterized by low growth rates and low contents of the
measured nitrogen components. Sporophytes grown in temperature acclimated deep water
(D treatments) were exposed to higher, although variable, ambient nitrate concentrations

and were characterized by higher growth rates and higher contents of intracellular nitrogen
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components. The four treatments formed together a continuum characterizing the
intracellular contents of nitrogen components for variable ambient nitrate concentrations
and growth rates. It is important to note that the overall pattern of variation in intracellular
components found is similar to that obtained in earlier studies of both freshwater and
marine microalgae (Healey and Hendzel 1979; Sterner and Elser 2002).

The growth rates were found to increase with increasing nitrogen levels for all variables
measured in the current experiment (E-DIN, I-DIN, Qn and protein). The highest correlations
were found for growth rate versus E-DIN and Growth rate versus I-DIN. These data must be
carefully interpreted because the nitrogen metabolites also correlated with each other,
making it somewhat difficult to extract the exact relationship between growth rate and each
variable. The most obvious finding to emerge from the relationships between I-DIN and E-
DIN is the increasing positive relationship between these variables, where sporophytes
grown in the highest concentration of E-DIN consistently showed higher concentrations of I-
DIN, Qn and protein. The concentration of E-DIN measured in the tanks could account for
61% of the variation in the measured I-DIN concentrations. A higher concentration of I-DIN
with increasing E-DIN concentrations is in accordance with S. latissima’s ability to store
nitrate when the nutrient is available in excess (Wheeler and Weidner 1983; Young et al.
2007; Bartsch et al. 2008; Hurd et al. 2014). This storage capability is, however, found to be
relatively low, constituting only a small fraction (3.6 %) of the maximum Qn content for the
D4 treatments. This level of I-DIN is in agreement with earlier field studies and an
experiment made to characterize nitrate uptake kinetics of S. latissima (Forbord et al. 2020;
Forbord et al., submitted). Even though the value of I-DIN is low, the variable correlates well

with other nitrogen metabolites and growth rate.

The relationship between nutrients used for growth and uptake is not directly coupled
because the algae assimilate and store nitrogen. Moreover, in times of low nitrate
concentrations and uptake, growth may take place on the expense of intracellular nitrogen
components. It therefore makes more sense to evaluate their nutritional status by assessing
the tissue N contents like Qn and I-DIN (Dalsgaard and Krause-Jensen 2006; Manns et al.
2017). Seaweeds are in general more sensitive to environmental changes when their Qu

reserves are exhausted (Gerard 1997; Gao et al. 2013). The Qu content only exceeded the
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critical minimum concentration of 17-20 mg N g'* DW suggested for sustaining growth at
maximum rates (Chapman et al. 1978; Hanisak 1983; Pedersen and Borum 1997) in the D4
tanks (19.2 mg N g DW), whereas the other treatments had mean Qu values of 9.2-14.7 mg
N g1 DW, suggesting that the sporophytes were N-deprived. The previously published critical
Qn concentrations do not necessarily regard the physiological state of the seaweed, so the
Qv concentration for sustaining growth will most likely vary between species, developmental

stage, and nutritional status.

The quantity of small molecules of I-DON, calculated as the difference between the total
dissolved nitrate and inorganic nitrate in the same sample, was believed to be overestimated
due to its high fraction compared to, e.g., protein. A part of this fraction could be hydrolyzed
proteins from the process of boiling samples to release small molecules from algal tissue.
Severely nutrient starved S. latissima from S treatments could have contained a high share
of dead cells, characterized by an increased rate of intracellular protein hydrolysis, which
may be further enhanced during boiling. It cannot be excluded that this also may take place
in nitrogen sufficient algae during boiling. The results obtained for I-DON are, in our view,
uncertain, and the method is questionable. I-DON results are therefore omitted from further

discussion.

The highest measured protein content of 73.2 + 2.8 mg g'* DW, found for the D4 treatment,
was higher or similar to values registered in May—June for S. latissima in several other
experiments using the same estimation method based on amino acids (Marinho et al. 2015;
Bak et al. 2019; Forbord et al. 2019; Forbord et al. 2020). The D4 sporophytes had almost
twice the protein content compared to the S1 and S4 treatments. This coincided with
previous experiments, where higher protein content was found in macroalgae in deeper
waters, interpreted to be a result of reduced light exposure (Cronin and Hay 1996; Ak and
Ylcesan 2012; Sharma et al. 2018; Forbord et al. 2020) and a higher E-DIN concentration
(Harnedy and FitzGerald 2011).

Calculating the protein content from the nitrogen-to-protein conversion factor (Kp) gave a
higher, but not significantly, protein content for all treatments compared to the Bio-Rad
method, except for the S1 treatment. The Bio-Rad method estimates the soluble protein

fraction of the sample, while the K, method based on Qu, estimates total protein (Safi et al.
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2018). Some uncertainty is connected with the use of K factors, because they may change
with season, depth, location and species. K, factors have been shown to vary in the range of
2.0-6.25 (Lourencgo et al. 2002; Schiener et al. 2015; Angell et al. 2016; Biancarosa et al.
2017; Manns et al. 2017; Sharma et al. 2018; Bak et al. 2019; Forbord et al. 2020). The 6.25
value is the standard factor used for pure protein and is obviously not relevant for biomass
samples that contain other N-rich components like nucleic acids and pigments. One should
be careful to compare the outcome of the different protein assays with each other as the
methods are based on different principles and can result in different values (Barbarino and
Lourengo 2005; Maehre et al. 2018). The protein estimates from the current experiment are

supported by two independent methods.

5 Conclusions

The present study was designed to determine the effect of light conditions and nutrient
concentration on the growth and nitrogen metabolites of cultivated S. latissima. The
experiment confirmed a positive relationship between total intracellular nitrogen
components (Qn, protein and I-DIN) and E-DIN, and between growth rate and E-DIN. Our
combined results of the four treatments revealed a complete pattern of variation of
intracellular nitrogen components, of nutrient deprived and nutrient saturated S. latissima.
The most obvious finding to emerge from this study was that the growth rate of S. latissima
was lower for the sporophytes grown under ‘high light, high nutrient’ conditions than ‘low
light, high nutrient’ conditions. Lastly, no relationship was found between growth rate and
different light levels, indicating that nitrate was the primary controlling factor for growth in
both high and low light treatments. This is also supported by the pattern found in contents

of intracellular nitrogen components related to E-DIN concentrations.
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Abstract

The Norwegian coastline covers more than 10° in latitude and provides a range in abiotic and biotic conditions for seaweed
farming. In this study, we compared the effects of cultivation depth and season on the increase in biomass (frond length and
biomass yield), chemical composition (protein, tissue nitrogen, intracellular nitrate and ash content) and biofouling (total cover
and species composition) of cultivated Saccharina latissima at nine locations along a latitudinal gradient from 58 to 69° N. The
effects of light and temperature on frond length and biofouling were evaluated along with their relevance for selecting optimal
cultivation sites. Growth was greater at 1-2 m than at 8-9 m depth and showed large differences among locations, mainly in
relation to local salinity levels. Maximum frond lengths varied between 15 and 100 cm, and maximum biomass yields between
0.2 and 14 kg m 2 Timing of maximum frond length and biomass yield varied with latitude, peaking 5 and 8 weeks later in the
northern location (69° N) than in the central (63° N) and southern (58° N) locations, respectively. The nitrogen-to-protein
conversion factor (averaged across all locations and depths) was 3.8, while protein content varied from 22 to 109 mg g ' DW,
with seasonality and latitude having the largest effect. The onset of biofouling also followed a latitudinal pattern, with a delayed
onset in northern locations and at freshwater-influenced sites. The dominant epibiont was the bryozoan Membranipora
membranacea. Our results demonstrate the feasibility of S. latissima cultivation along a wide latitudinal gradient in North
Atlantic waters and underscore the importance of careful site selection for seaweed aquaculture.

Keywords Phacophyceae - Abiotic factors - Epibionts - Membranipora membranacea - Protein content - Seaweed aquaculture -
Specific nitrogen-to-protein conversion factor
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focal species, is the most suited species for cultivation in
North Atlantic waters due to its high growth rate (Handa
et al. 2013; Peteiro and Freire 2013; Bak et al. 2018; Sharma
et al. 2018), high content of valuable components (Holdt and
Kraan 2011; Schiener et al. 2015; Bak et al. 2019) and well-
described life cycle (Flavin et al. 2013; Redmond et al. 2014;
Forbord et al. 2018). Consequently, its cultivation has been
prioritized by commercial actors.

Over the last decade, expertise has been developed in cul-
tivating and harvesting seaweed that potentially can be used
for food, feed and fertilizers and for production of pharmaceu-
ticals, cosmetics, chemicals and bioenergy (Stévant et al.
2017; Buschmann and Camus 2019). The stated overall goal
has been to establish a Norwegian bio-economy based on
cultivated seaweed (Skjermo et al. 2014). Therefore, compre-
hensive knowledge of growth potential and quality of
S. latissima along the wide spanning coast of Norway would
assist farmers in decisions on location and timing of deploy-
ment and harvest with maximized production and minimized
loss. To date, this knowledge is lacking.

Saccharina latissima is widely distributed circumpolarly in
the northern hemisphere (Bolton et al. 1983) and occurs on
both sides of the Atlantic from the Gulf of Maine along the
coasts of Europe and in the Pacific along the North American
coast as well as in some areas in Japan and Arctic Russia
(Druehl 1970; Druehl and Kaneko 1973; Liining 1990;
Bartsch et al. 2008). Approximately half of the world’s natural
kelp beds of S. latissima are found along the coast of Norway
(Moy et al. 2006), suggesting that habitat suitability may also
be high for farming along the entire coast. Saccharina
latissima grows optimally at temperatures between 10 and
17 °C (Druehl 1967; Fortes and Liining 1980) and salinities
of 30-35 psu (Kerrison et al. 2015); conditions met along
most parts of the Norwegian coastline. In addition, light and
nutrient availability regulate depth distribution and productiv-
ity (Hurd et al. 2014; Xiao et al. 2019). Light intensity and day
length are more variable seasonally at high than at low lati-
tudes. In temperate regions, increasing temperature at the sea
surface during spring causes stratification of the water col-
umn, varying in timing and strength along a latitudinal gradi-
ent, resulting in substantial seasonal differences in nutrient
availability along the coast (Rey et al. 2007; Ibrahim et al.
2014; Broch et al. 2019). This seasonal variation in the abiotic
environment (light, temperature and nutrients) will likely
cause phenology differences in developmental stages and bio-
chemical composition along the latitudinal gradient which in
turn will affect the cultivated biomass and eventually the end-
products (Hurd 2000; Handa et al. 2013; Peteiro and Freire
2013; Marinho et al. 2015a; Schiener et al. 2015). While there
have been previous cultivation trials with S. latissima at sev-
eral locations along the Norwegian coast, there has been no
systematic study comparing the cultivation potential in differ-
ent regions related to these abiotic factors to date.

@ Springer

Undesirable for seaweed production, the seaweed frond pro-
vides a substratum for fouling organisms to settle on and grow.
Fouling by epibionts usually occurs from spring to autumn
(Peteiro and Freire 2013a; Forde et al. 2016; Rolin et al. 2017,
Matsson et al. 2019), depending on location (Matsson et al.
2019), latitude (Rolin et al. 2017) and interannual variation
(Scheibling and Gagnon 2009). Epibionts can form a barrier
inhibiting nutrient (Hurd et al. 2000) and light absorption
(Andersen 2013) and may cause loss of biomass through in-
creased drag and friction and decreased flexibility (Krumhansl
et al. 2011). Biofouling results in seaweed biomass being less
attractive for human consumption, affecting the commercial val-
ue of the yield (Park and Hwang 2012). Kelp with low value for
human consumption may, however, still be used in other indus-
tries, for example production of animal feed (Bruton et al. 2009).
To avoid biomass loss and reduced monetary value, kelp is usu-
ally harvested before the onset of epibionts (Fletcher 1995; Park
and Hwang 2012). Considering the goal to optimize and survey
kelp cultivation along a large latitudinal gradient, it therefore
becomes necessary to establish the phenology of epifouling
along this gradient.

The overall objective of our study was to examine the ef-
fects of latitude, season and cultivation depth on biomass ac-
cumulation, chemical composition (including protein content)
and biofouling of S. latissima. Specifically, we hypothesised
that a latitudinal pattern of abiotic factors would provide the
potential of a progressively northward pattern in production of
biomass, chemical composition and biofouling, with associat-
ed implications for the harvesting period along this latitudinal
gradient. We also hypothesised that seaweed cultivated at
deeper waters would exhibit lower biomass accumulation, al-
tered chemical content and lower amount of fouling organisms
than biomass cultured at shallower water.

To address these questions, we used nine locations from 58
to 69° N over a cultivating season, which varied in light re-
gime, salinity, temperature and ambient nitrate. The effects of
light, temperature and intracellular nitrate (I-DIN) on seaweed
frond length and biofouling were evaluated. The study also
aimed to establish specific nitrogen-to-protein conversion fac-
tors (K},) with regard to total amino acids (AA) and total ni-
trogen (Qy) to improve the protein content estimate for the
region and propose a general K, for cultivated S. latissima in
Norway. The present study, with its systematic approach over
a large spatial extent, provides valuable knowledge on oppor-
tunities and challenges associated with S. latissima cultivation
to seaweed farmers and stakeholders along temperate and
Arctic coasts of Europe.

Materials and methods

Experimental set-up To determine the effects of latitude and
environmental factors (i.e. light and temperature) on seaweed
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growth, chemical content and biofouling, nine study locations
covering a wide latitudinal range were selected from available
commercial farms with cultivation permits along a gradient
from south (58° N) to north (69° N) in Norway. At each site,
seaweed was cultivated at each of two depths (1-2 and 8-9 m)
to compare growth performance (frond length and biomass
yield), chemical composition (protein, tissue nitrogen, intra-
cellular nitrate and ash content) and biofouling (total cover
and community structure) for Saccharina latissima over an
entire cultivation season.

Three of the locations (4-60° N, 7-67° N and 8—-67° N) were
situated in fjord systems, representing large sections of the
Norwegian coast (Table 1). Data on freshwater discharge for
the fjord sites were obtained for 2017 from simulations by the
Norwegian Water Resources and Energy Directorate (2019). The
4-60° N location was influenced by highly fluctuating freshwater
discharge throughout the cultivation period, with a peak in May
and relatively high levels until the end of June. At location 7-67°
N, freshwater discharges also fluctuated, but with a steadier in-
crease from February through April followed by a pronounced
peak in runoft from mid-May to mid-June and further relatively
high discharge in July. At location 8-67° N, freshwater discharge
was relatively low from the end of February to the beginning of
May, followed by increasing runoff levels through May and a
very pronounced peak in the beginning of June. Two depths were
chosen to evaluate the effect of shallow (1-2 m) and deeper (8—
9 m) cultivation and its effect on seaweed growth, chemical
content and biofouling. Previous studies have shown significant-
ly different growth and protein content between the two depths
that we selected for our study (Handa et al. 2013; Sharma et al.
2018).

Seeded lines of S. latissima were deployed in February
2017 because at that time: (i) there were naturally occurring
sori at all locations eliminating the need to establish cultures of
gametophytes or to artificially induce sori (Forbord et al.
2012), (ii) light conditions were adequate at all locations to
allow seedlings to grow immediately upon deployment
(Handa et al. 2013), and (iii) ambient nutrient levels were high
(Broch et al. 2013, 2019). It is likely advantageous for most
farmers in southern Norway and temperate Europe to deploy
their seed lines before February.

Production and deployment of seedlings Sporophytes of
S. latissima with mature sori were collected near each study site
in December 2016 and shipped to the seaweed laboratory (63° N;
Fig. 1) for production of seed lines. This procedure is according
to the recommendations of the Norwegian Environment Agency
requiring that cultivated algae should be of local genetic origin,
applying the precautionary principle (Fredriksen and Sjetun
2015). Seedlings were produced concurrently in the seaweed
laboratory for all nine locations, according to Forbord et al.
(2018). A solution of ~250.000 spores mL™! seawater was
sprayed onto 1.2-mm-diameter twine coiled around PVC spools.

The spools were then incubated for 7 weeks in nutrient-rich
seawater (148 pg NO; -N L' 206 pug PO,P L in a flow-
through (120 L h™"), light- and temperature-controlled system
(70 pmol photons m 2 s ! at the surface and 10 °C) in the
seaweed hatchery. When the seedlings reached an average length
of ~0.5 cm, the twines from each location were entwined onto 22
ropes, each 10 m long and 14 mm thick, packed in polystyrene
boxes with cool packs and express-shipped to the location where
the fertile sporophytes were collected. Fourteen of the 22 ropes
had seedlings entwined at 1-2 m and 8-9 m with the gap
intended to avoid self-shading of the sporophytes cultivated at
89 m depth. The remaining 8 of the 22 ropes had seedlings
uniformly distributed along 1-9 m to use for biomass measure-
ments and as backup in case other lines were lost. The ropes were
deployed vertically approximately 6 m from one another.
Deployments took place as soon as possible after the delivery
of seedlings to the site and within 1 to 21 days depending on
weather conditions and practicalities (Table 1). The ropes with
seedlings were kept in running seawater in tanks on land until
deployment.

Environmental variables Light intensity (Lux) and tempera-
ture (°C) were recorded at all locations at 2 and 8 m depth
every 15 min using Onset HOBO pendant loggers (tempera-
ture accuracy +0.53 °C, resolution 0.14 °C). The Lux mea-
surements were converted to PAR using the empirical rela-
tionship PAR =0.0291 Lux'** obtained by comparing Lux
measurements with PAR sensor data (Long et al. 2012; Broch
et al. 2013). Loggers were cleaned on every sampling date to
minimize the impact of fouling.

Growing degree-day (GDD, °C day ) is an integrated in-
dex of the thermal history experienced by an organism, used
to explain variations in biological processes (Trudgill et al.
2005). The GDD was calculated by adding the average daily
water temperature measured at each location to — 1.8 °C, the
latter being used as the point of zero growth as in Saunders
and Metaxas (2007). GDD was calculated from 13
March 2017, when all loggers had been installed at the exper-
imental sites.

To quantify variation in light incidence over the cultivation
period, the accumulated light was calculated by adding the
average daily photosynthetically active radiation (PAR) mea-
sured at each depth and each location. For location 1-58° N,
the loggers malfunctioned and light and temperature were
instead taken from a nearby location (N58°13.3" E08°28.2")
that was omitted from the study.

Growth measurements Sampling was done every 2 to 4 weeks
from April to August, for a total of 8 planned sampling dates.
At the northernmost location (9-69° N), one extra sampling
was done in late September because of a prolonged growing
season. Due to rough weather conditions and other con-
straints, not all locations were sampled as scheduled
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Table 1 Key information about the nine experimental sites including coordinates, dates for received and deployed seed lines at the farms, type of
location, salinity, dates of sampling and company/research institutes owning the cultivation permits
Station Coordinates (degree, Received/deployed Type of Salinity (PSU) Sampling dates (day. ~ Owners of
name  decimal minutes N, E)  (day.month, 2017) location month, 2017) permits
1-58°N 58°03.325'07° 51.220° 7.2/9.2 Sheltered 30-32 (Seetre 2007) 2.5,18.5,12.6,3.7,6.9 Norway
Seaweed
2-60°N  60° 08.960" 05° 09.264" 9.2/9.2 Semi-sheltered 30-32 (Saetre 2007) 18.4,3.5,15.5,2.6, Austevoll
14.6, 14.7 Seaweed
Farm
3-60°N 60° 08.931' 05° 14.162* 9.2/9.2 Semi-sheltered 30-32 (Seetre 2007) 18.4,4.5,16.5, 1.6, Ocean Forest
13.6,5.7,9.8,49
4-60°N 60°23.576' 06° 18.437° 9.2/11.2 Fjord 10-30 (Sjotun et al. 2015) 17.4,4.5,18.5, 1.6, Hardangerfjord
13.6,9.7 Seaweed
Farm
5-61°N 61°00.254' 04° 42.095* 9.2/13.2 Sheltered 30-33 (Seetre 2007) 3.5,29.5,27.6 Hortimare
6-63°N  63°42.279' 08°52.232* 9.2/9.2 Semi-exposed ~ 31-33.5 (Seetre 2007) 25.4,45,185,31.5, Seaweed Energy
15.6,3.7,9.8 Solutions
7-67°N  67° 14.190' 14° 50.680" 8.2/10.2 Fjord 25-33 (Busch et al. 2014) 274,4.5,22.5,30.5, Salten Algae
16.6,7.7, 18.8
8-67°N 67°43.068' 15°24.403* 8.2/10.2 Fjord 20-33 (Myksvoll et al. 2011) 23.4, 14.5,4.6, 17.6,  Folla Alger
10.7
9-69°N  69°45.259' 19°02.176* 8.2/21.2 Sheltered 33.1-33.5 (Matsson et al. 2019) 21.4,5.5,16.5,31.5,  Akvaplan-niva
14.6,5.7,9.8,5.9,
28.9

(Table 1). At each sampling time, the maximum length of the
sporophyte fronds was measured for ten randomly selected
individuals from each of five ropes at both depths, for a total
of 50 individuals at each depth. The same ropes were sampled
throughout the experiment. Kelp biomass (kg m ') was mea-
sured from mid-May to the end of the sampling period by
scraping off the sporophytes from a 0.5-m section of 4 of the
uniformly seeded ropes at each of the two sampling depths.
Excess water was minimized by letting it run off for 1 min
before weighing the kelp biomass to the nearest 0.1 kg with a
Salter Brecknell Electro Samson 25 kg scale, with 0.02 kg
precision.

Chemical analysis Ten sporophytes, each consisting of the
frond, stipe and holdfast, from each of five ropes at each of
the two depths, were collected for analysis of chemical com-
position. Sporophytes were carefully shaken to minimize ex-
cess water, and all ten from each rope and depth were placed
in individual plastic zip-lock bags without removing
epibionts. The samples were transported onshore in coolers
where they were stored immediately at —20 °C. They were
shipped frozen to the laboratory (Fig. 1) at the end of the
experimental period in September 2017 and stored at —
20 °C until further analysis. Three samples of 10 sporophytes
from each depth and each site were used for chemical analysis.

Dry weight (DW) of frozen S. latissima was determined by
placing samples (1-2 g) in pre-weighed and pre-dried ceramic
crucibles and dried at 105 °C in a Termaks B8133 incubator
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(Labolytic AS) for 24 h. Ash content was determined by in-
cineration of samples in a muffle furnace at 600 °C for 12 h.

For analysis of intracellular nitrate content (I-DIN), 0.06 g
semi-frozen S. latissima material from each sample was trans-
ferred to a test tube with a cork and filled with 6 mL of dis-
tilled water. The samples were boiled for 30 min, cooled and
filtered through a 0.45-um polysulfone syringe filter to re-
move algal debris before diluting by mixing 0.3 mL of the
solution with 9.7 mL distilled water. The test tubes were kept
frozen at —20 °C and thawed prior to analysis of nitrate (I-
DIN content) using an auto analyser (Flow Solution IV
System, O.1 Analytical, method according to Norwegian
Standard 4745 (NSF 1975)).

The remaining biomass from each sample was stored at —
80 °C until freeze-drying (Hetosicc CD 13-2) at —40 °C for
48 h. The freeze-dried kelp was homogenized into a fine pow-
der and later used for carbon-nitrogen (CN) and amino acid
analysis. CN was analysed using ~2-3 mg freeze-dried sam-
ples on an elemental analyser (Elementar vario EL cube, with
acetanilide as standard). For analysis of amino acids, freeze-
dried samples (50—-100 mg) were hydrolysed in 6 M HCI
containing 4% mercaptoethanol for 24 h at 110 °C and neu-
tralized to pH 1.5-3.0 by 5 M NaOH. The samples were fil-
tered through a GF/C Whatman filter and diluted either 1:1 or
2:1 with a citrate buffer (Sodium Diluent Na220, pH 2.2). The
analysis was performed by High-Performance Liquid
Chromatography, HPLC (Agilent Infinity 1260, Agilent
Technologies) coupled to an online post-column
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Fig. 1 The locations of the
experimental sites along the
Norwegian coastline and the
seaweed laboratory where the
seed lines were produced and
distributed from. The name for
each site is composed of a
consecutive number and the
latitude

derivatization module (Pinnacle PCX, Pickering Laboratories,
USA), using ninhydrin (Trione) as a reagent and a Na*-ion
exchange column (4.6 x 110 mm, 5 mm). All buffers, re-
agents, amino acid standards and the HPLC-column were ob-
tained from Pickering Laboratories (USA). HCI and
mercaptoethanol were obtained from Sigma-Aldrich. Amino
acids were analysed from locations 2—60° N, 6-63° N and 9—
69° N for the entire experimental period and in addition once
for each cultivation depth before the onset of clearly visible
fouling from the other six locations.

Protein content was calculated as the difference between
the total mass of amino acids isolated after sample hydrolysis
and the mass of water bound to the amino acid unit after
destruction of the peptide bond (18 g of H,O per mole of
amino acid).

The specific nitrogen-to-protein conversion factors (K,)
were calculated according to Mosse (1990):

(AA; 1.1) ()

K, =

where AA is the sum of amino acid residues in % DW
(the sum of amino acids after subtracting the molecular
weight of water) and N is the total nitrogen content (%
of DW). The total sum of the amino acids was multi-
plied by 1.1 to correct for the amino acids that were
excluded from the HPLC analysis due to destruction
during acid hydrolysis (Watanabe et al. 1983; @ie and
Olsen 1997). The estimated protein content for each
sample was determined by multiplying total % N of
DW with its corresponding K, conversion factor. The
measured K|, for each sample was used in the estimation
of protein content for that specific sampling day, depth
and location.
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Biofouling One sporophyte from each of the five ropes at
each cultivation depth was collected on every sampling
date from April onwards (Table 1), transported onto land
and laid flat on a white background next to a ruler (1 mm
accuracy). Biofouling was quantified as percentage cover
on each frond, using image analysis. To image the entire
frond, 1-3 images were taken depending on size, with an
Olympus tough TGS digital camera mounted on a tripod
25 cm above the frond. If the frond could not be
completely imaged with three images, one image each
was taken of the meristematic, middle and distal regions.
Percent cover of biofouling for each taxon of epibiont was
measured with the software Coral Point Count with Excel
extensions (CPCe) (Kohler and Gill 2006). One hundred
points per seaweed frond were randomly distributed on
the images, and the biofouling organisms underneath the
points were identified and recorded for each point. Mobile
organisms such as amphipods (including Caprellidae),
isopods and gastropods were registered but omitted from
further analysis. We recorded the bryozoan species
Membranipora membranacea and Electra pilosa, the clas-
ses bivalvia (most likely Mytilus edulis), hydrozoa (in-
cluding the genera Obelia and Tubularia, indistinguish-
able on images) and filamentous algae/diatoms.
Organisms that could not be identified from the images
were marked as ‘unidentifiable’.

Statistics and data analyses Independent-samples ¢ tests
were used to compare K, and protein content between
the two cultivation depths after confirming the assumption
of normality (Shapiro-Wilk’s test) and homogeneity of
variance (Levene’s test). A non-parametric test (Kruskal-
Wallis) was used where normal distribution could not be
verified. Two-way analysis of variance (ANOVA) was
used to examine the effects of sampling date and location
(random factors) on protein content at each depth for three
selected locations (2—60°N, 6—63°N and 9-69°N). Two-
way ANOVA was also used to examine the effect of sam-
pling date (random factor) and depth (fixed factor) on
frond length, biomass yield, I-DIN, Qy, DW, ash and total
biofouling cover at each location. A three-way ANOVA
was run to analyse the effects of depth (fixed factor),
location (random factor) and sampling date (random fac-
tor) on temperature, GDD and accumulated PAR.
Although the assumption of homogeneity of variance
was violated for most datasets (as indicated by Levene’s
tests), the two- and three-way ANOVA was run anyway
because the analysis is relatively robust to heterogeneity
of variance when group sizes were equal/approximately
equal (Jaccard and Jaccard 1998).

Linear mixed effects models (LMM) were used to
study the relationships between measured variables
(GDD, light and I-DIN), seaweed frond length and total
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biofouling cover. The best fitted models were chosen by
comparing the alternative models using Akaike informa-
tion criterion (AIC). Fixed effects that were not significant
(p >0.05) in likelihood ratio tests were omitted from the
best fitted models. When evaluating frond length, light,
temperature (as GDD), I-DIN and total biofouling were
used as fixed effects. To account for variation in frond
length among locations and for repeated observations
within locations, we used ‘location’ and ‘sampling date’
as random intercepts. For total biofouling cover, light,
temperature (as GDD), I-DIN, biomass and frond length
were tested as fixed factors. To account for variation of
biofouling cover between locations and repeated observa-
tions within locations, we used ‘location’ and ‘sampling
date’ as random intercepts. To account for the effect of
temperature on location, ‘GDD’, ‘location’ and ‘sampling
date’ were used as random intercepts. To account for the
effect of temperature on location, GDD was added as ran-
dom slope. All factors were averaged across the ropes (n).
Residual plots did not reveal any obvious deviations from
homogeneity of variance or normality. p values were ac-
quired by likelihood ratio tests of the full model against
the models without the individual effects. R? values for
the LMMs were calculated using the package r2glmm
(Jaeger 2017) using the Nakagawa and Schielzeth (2013)
approach.

Data are presented as mean =+ standard error (SE). Means
were considered significantly different at v < 0.05. Statistical
analyses were performed using IBM SPSS Statistical software
(Version 25) and R, version 3.5.1 (R Core Team 2018)
through RStudio version 1.1.456 (RStudio Team 2016).
LMMs were modelled by using the package Ime4 (Bates
et al. 2015). In addition to R, plots were made using Systat
SigmaPlot software (version 14).

Results
Environmental conditions

There was a significant interaction of depth, location and
sampling date on water temperature (F473338 = 12,80, p <
0.001), GDD (F473338 = 1.807, p =0.001) and accumulat-
ed PAR (F473324 =35.11, p <0.001) (detailed statistics
found in Table 1 in Online Resource 1). Temperature var-
ied from 2.8 to 17.0 °C at 2 m and from 4.5 to 16.7 °C at
8 m depth with the largest and smallest ranges at low and
high latitudes, respectively (Table 2). A clear latitudinal
pattern in GDD was evident for the two cultivation depths
with the northernmost location exhibiting the lowest GDD
from mid-March until late-August and the southernmost
location exhibiting the highest GDD (Fig. 1 in
Online Resource 2). The differences in GDD between
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depths were greater (>200 GDD) for the freshwater-
influenced locations (4-60° N, 7-67° N, 8-67° N) in the
end of the cultivation period, suggesting stronger stratifi-
cation than at other sites. Accumulated PAR was highest
at location 2-60° N for both depths, decreasing to one-
fourth from 2 to 8 m depth (Fig. 2 in Online Resource 2).
Locations with freshwater influence showed the lowest
PAR at 2 m (7-67° N) and 8 m depth (4-60° N and 7—
67° N), decreasing almost to one-sixth at deeper waters.

Growth measurements

Changes of mean frond length and biomass yield of S. latissima
over time varied greatly among cultivation sites (Fig. 2), and a
latitudinal related pattern was apparent with locations in the south
reaching their maximum length and biomass earlier in the culti-
vation period than locations further north.

There was a significant interaction (p <0.05) between
depth and sampling date on frond length for all loca-
tions except 2-60°N and 5-61°N (detailed statistics
found in Table 2 in Online Resource 1), the two sta-
tions with fewest records and early onset of biofouling.
At these two locations, frond length varied between
depths across all dates (p <0.05). Light had a signifi-
cantly positive effect on seaweed frond length (LMM
likelihood ratio test: le =22.26, p <0.001), while
growing degree-day (GDD), intracellular nitrate (I-DIN)
and biofouling did not show a significant effect
(Table 3). Across all locations, mean maximum frond
length was 48.9+9.5 (mean + SE) cm at 1-2 m culti-
vation depth and 43.0+10.6 cm at 89 m depth (Fig.
2). The longest fronds were found at location 6-63°N at
both depths, while the fronds were shortest at location
8—67°N.

The interaction between sampling date and location was sig-
nificant (p < 0.05) for biomass yield for more than half the loca-
tions (2-60°N, 3-60°N, 6-63°N, 7-67°N and 9-69°N), while
locations 1-58°N and 4-60°N showed significant differences

between depths across all dates (p <0.05) (detailed statistics
found in Table 2 in Online Resource 1). Biomass reached mean
maximum yield across all locations of 4.5+ 1.8 kgm ' at 1-2m
cultivation depth and 2.3 +1.0 kg m ! at 8-9 m depth (Figs. 2
and 3). Maximum biomass was reached at 1-2 m at location 6—
63°N in early July and at 9-69°N in early September, and max-
imum yield was low at all freshwater-influenced sites, and lowest
at location 8-67°N at both depths in July.

Chemical composition

Ash and dry weight content A significant interaction (p <
0.05) between depth and sampling date on ash content of
S. latissima was found for the locations in the south-west
(2-60°N to 4-60°N) and in the north (7-67°N and 9-69°N),
while locations 1-58°N and 6—63°N showed significant dif-
ferences (p <0.05) between depths across all dates (detailed
statistics found in Table 3 in Online Resource 1). Ash content
varied greatly among locations and decreased from spring to
summer until the onset of biofouling, as opposed to the
freshwater-influenced site 8—67°N where ash content in-
creased at both depths over the sampling period. Ash content
ranged in average between 140 £27.2 and 428 £40.7 mg g !
DW at 1-2 m and between 212+22.7 and 519+8.0 mg g !
DW at 89 m. The two fjord locations 4-60°N and 7-67°N
showed the lowest ash content at both depths. The interaction
between depth and sampling date for dry weight (DW) was
significant (p <0.05) for four of the locations (2-60°N, 4—
60°N, 6-63°N and 9-69°N) (detailed statistics found in
Table 3 in Online Resource 1). DW increased throughout the
sampling period and was generally higher at 1-2 m depth
(9.6-27.1% of WW) compared to 8-9 m depth (6.8-23.7%
of WW). Ash and DW content are displayed in
Online Resource 3.

Qy and I-DIN The interaction between depth and sampling
date on total tissue nitrogen content (Qy) was only sig-
nificant (p <0.05) for the locations with the poorest

Table2 Monthly mean water temperature (°C) throughout the sampling period for all nine experimental locations at 2 m and 8 m depth

Location 1-58°N 2-60°N 3-60°N 4-60°N 5-61°N 6-63°N 7-67°N 8-67°N 9-69°N
Depth 2 m/8 m 2 m/8 m 2 m/8 m 2 m/8 m 2 m/8 m 2 m/8 m 2 m/8 m 2 m/8 m 2 m/8 m
February 2.8/74 5.4/6.1 5.4/6.0 6.1/6.6 6.0/6.1 6.3/6.3 4.1/4.6 na 4.6/4.9
March 4.7/6.8 5.7/5.8 5.7/5.8 5.9/6.0 6.0/6.1 6.3/6.2 4.3/4.5 4.0/4.0 4.9/5.0
April 7.4/7.0 6.9/6.8 7.0/6.8 6.9/6.6 6.9/6.9 6.9/6.8 4.9/5.0 4.3/42 4.9/4.9
May 10.4/9.3 10.6/9.5 10.8/9.5 11.2/9.5 9.9/9.4 8.5/8.3 7.3/6.6 6.8/6.2 5.5/52
June 13.2/12.5 13.4/12.6 13.6/12.5 13.7/11.0 12.8/12.4 10.3/10.0 11.6/8.4 11.4/9.4 7.2/6.6
July 15.8/15.3 15.3/13.6 15.3/13.4 15.5/11.7 14.8/13.4 12.8/12.3 12.7/9.3 13.9/11.4 8.5/8.0
August 17.0/16.7 15.9/16.0 16.0/15.9 15.8/14.7 15.8/15.5 14.3/14.0 12.8/11.1 14.7/13.3 9.1/8.7
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Fig. 2 Length (solid line, left y-axis) and biomass (bars, right y-axis) for both cultivation depths for all nine locations during the experimental period
(February—September). Mean + SE, n =50 for length and n =4 for biomass

growth (2-60°N, 4-60°N and 8-67°N). Depth differ-
ences were significant (p <0.05) for locations 7-67°N
and 9-69°N, while the sampling date was significant for
the location with the most sampling points (1-58°N, 3—
60°N, 6-63°N and 9-69°N) (detailed statistics found in
Table 4 in Online Resource 1). Qy varied from 6.2 +0.4
to 39.1+0.7 mg N g ' DW across all sites, depths and
seasons and decreased throughout the cultivation period
until biofouling became dominant during summer and
fall and then Qy content increased for most locations
(Fig. 4a).

There was a significant interaction (p < 0.05) between sam-
pling date and depth on intracellular nitrate (I-DIN) for the
south-west locations 2—60°N, 3—-60°N, 4-60°N and location
7-67°N in the north (detailed statistics found in Table 4 in
Online Resource 1). I-DIN content was significantly lower
(p =0.009) at 1-2 m than at 8-9 m at location 9—69°N. The

Table3  Linear mixed effects models for the log-transformed dependent
variable seaweed frond length, with and without light as fixed factor.
Location and sample date are random intercepts. Models are ranked in

strongest seasonal pattern in I-DIN content was detected at the
two northernmost locations 8-67°N and 9-69°N with sam-
pling date having significant effect (p <0.05). I-DIN varied
from 0.001 £ 0.140 to 0.700 +0.200 mg NO;~ g ' DW across
all sites, depths and seasons (Fig. 4b), showing a weak latitu-
dinal pattern, with earlier depletion at the locations in the
south.

Protein content The average nitrogen-to-protein conversion
factors (K,) for S. latissima did not exhibit a seasonal or lati-
tudinal trend but varied across locations, depths and sampling
dates (Table 4), with an average of 3.9+ 0.3 for 1-2 m depth
and 3.7 +0.2 for 8—9 m depth. An overall average value across
all locations and depths was of 3.8 £0.1. K|, was only signif-
icantly different between depths at two fjord locations with
freshwater runoff at the surface, 4-60°N (t3 =3.56, p =
0.038) and 7-67°N (74 =3.31, p =0.030).

descending order after AIC value (i.e. the best-fitted model are presented
first) with associated R? value

Rank Formula K (parameters) AIC AAIC R?
1 log(Frond length)~Light + (1|Location) + (1|{Sample date) 5 123.7 0.0 0.06
2 log(Frond length)~ 1 + (1|Location) + (1|Sample date) 4 143.7 20.1
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Fig. 3 Difference in frond size
and density of S. latissima a
between 1-2 m cultivation depth
(top rope) and 8-9 m cultivation
depth (bottom rope) after 69 days
of cultivation at sea (18.04.2017)
at location 2-60°N. b 1-2 m depth
(top rope) compared to 8-9 m
depth (bottom rope) after

146 days cultivation at sea
(07.07.2017) at location (7—67°N)
with a freshwater-influenced sur-
face layer

There was a significant interaction of location and sam-
pling date on protein content at both depths at three selected
locations in the south-west (2—60°N), central (6-63°N) and
north (9-69°N) (p <0.001, detailed statistics found in
Table 5 in Online Resource 1). At location 9-69°N, protein
content decreased steadily between the first and the last sam-
pling date at both depths, whereas it increased at 2-60°N from
June and at 6-63°N from July as the kelp fronds became
heavily fouled (Fig. 5).

Protein content increased from the southern to the northern
locations and ranged from 23.0£0.5 to 101 £4.0 mg g ' DW
at 1-2 m depth and from 22.0£0.1t0 110+ 0.6 mgg ' DWat
8-9 m depth, although differences between depths were only
statistically significant (p <0.001) at four locations (Fig. 6;
detailed statistics given in Table 6 in Online Resource 1).
Again, depth differences were greatest at fjord locations with
a surface freshwater layer, 4-60°N and 7-67°N, and all three
freshwater-influenced sites deviated from the general
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latitudinal pattern of an increase in protein content from south
to north.

Biofouling The interaction between depth and sampling date
was significant (p <0.05) for six of the locations (detailed
statistics given in Table 7 in Online Resource 1). Percentage
biofouling cover on kelp fronds increased with season at all
sites and depths (Fig. 7), from ~0% in April-June to a max-
imum of 3.8-81.4% in June—September. At both depths, the
onset of biofouling occurred earlier at lower (mostly around
May) than higher latitudes. At the northernmost location, bio-
fouling cover did not exceed 20% before September.
Exceptions to the latitudinal pattern, showing relatively low
biofouling cover, were freshwater-influenced locations (4—
60°N and 7-67°N; Table 1), and the southernmost location
(1-58°N). Biofouling cover was higher at deeper depths at
four locations, whereas two locations (Fig. 7; 3—60°N and
8-67°N) had more biofouling at shallow water, and three
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Fig.4 Latitudinal and seasonal pattern in a total nitrogen content (Qy) (mg N g~ DW) and b intracellular nitrate content (I-DIN) (mg NO;~ g ' DW) of
S. latissima from all nine experimental sites at 1-2 m and 8-9 m depth across the sampling period. Mean + SE, n =3
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Table 4  Average nitrogen-to-protein conversion factors (K,) for all nine location over the registration period. Asterisks indicate significant difference
between depths (p <0.05). Mean + SE, n =21 (6-63°N, 9-69°N), n = 18 (2-60°N), n =3 (1-58°N, 3-60°N, 4-60°N, 5-61°N, 7-67°N, 8-67°N)

K, 1-58°N 2-60°N 3-60°N 4-60°N* 5-61°N 6-63°N T-67°N* 8-67°N 9-69°N
12m 39+02 4.0+0.2 37+14 4.6 0.2 2.7+0.8 39+03 42+0.2 38+05 39+03
89 m 38+0.1 3.8+03 46+14 31+05 39+08 40+04 3.6+0.1 3.1+0.1 37+06
locations had no significant differences between depths (2—  Discussion

60°N, 5-61°N and 6-63°N).

Maximum biofouling cover varied widely among lo-
cations and was highest (81.4+5.9%) at 1-2 m depth at
3-60°N and lowest (6.5+1.3%) at 4-60°N at the same
depth in early July (Fig. 7). The biofouling community
varied between these two locations, with
M. membranacea dominating at 3—60°N and Bivalvia
at 1-2 m depth at 4-60°N (Fig. 8). On the following
sampling event in early July, most seaweed biomass was
lost at both locations.

The biofouling community was initially dominated by
filamentous algae fouling the tips of the fronds, and/or
diatoms (Figs. 7, 8 and 9) at all locations except at the
southernmost location (1-58°N) and all freshwater-
influenced locations. Filamentous algae and diatoms
were later replaced by the bryozoan M. membranacea,
which was the dominant epibiont at most locations by
the end of the experiment. The freshwater-influenced
locations, though, had a higher occurrence of hydroids
and bivalves compared to M. membranacea and to other
sites, and hydroids appeared earlier than bryozoans
(Online Resource 4).

The linear mixed effects model showed that temper-
ature (as GDD) had the highest effect on biofouling of
all variables (Table 5). GDD had a significantly positive
effect (LMM likelihood ratio test: y?; =21.48, p <
0.001), and light had a significant negative effect
(LMM likelihood ratio test: le =15.27, p <0.001) on
total biofouling cover, while I-DIN, frond length and
biomass yield were not significant.
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Growth performance The frond length and biomass yield
peaked 5 and 8 weeks later in the northern (9—69°N) than in
the central (6-63°N) and southern (1-58°N) locations, respec-
tively, likely because of seasonal differences in temperature,
daylight and an earlier depletion of ambient inorganic nutri-
ents by phytoplankton blooms in the low than high latitudes
(Rey et al. 2007; Ibrahim et al. 2014). Maximum frond length
and biomass yield were greatest at central (6-63°N, in sum-
mer) and northern (9-69°N, in autumn) locations, with levels
comparable to S. latissima previously cultivated in Norway
(Handa et al. 2013; Fossberg et al. 2018; Forbord et al.
2019; Matsson et al. 2019) and as high as or higher than
several cultivation trials across Europe under variable condi-
tions (Peteiro et al. 2014; Mols-Mortensen et al. 2017; Bak
et al. 2018). The maximum yield of 14 kg m™" found in our
study is far lower than registered for other cultivated kelp
species like Macrocystis pyrifera in Chile (up to 22 kg m ')
(Macchiavello et al. 2010) and hybrids of Undaria pinnatifida
and Undariopsis peterseniana in Korea (37.5 kg m ')
(Hwang et al. 2012) due to both morphology/individual bio-
mass potential and breeding strategies. Since the use of local
strains is highly recommended in several Scandinavian coun-
tries, breeding is not of current interest as a tool to increase the
biomass yield of commercial cultivation of S. /atissima
(Fredriksen and Sjetun 2015; Hasselstrom et al. 2018;
Barbier et al. 2019). Growth in length and biomass yield
was poorest at the freshwater-influenced locations as in previ-
ous trials in Denmark during periods of low salinity (Marinho
et al. 2015b; Bruhn et al. 2016). A reduction in growth up to
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Fig.5 Development in protein content (mg protein g ' DW) of cultivated S. latissima over the entire sampling period at locations 2-60°N, 6-63°N, and

9-69°N at a 1-2 m depth and b 8-9 m depth. Mean + SE, n =3
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Fig.6 Protein content (mg protein g ' DW) for all experimental sites and
both depths measured before clearly visible biofouling occurred
(sampling date indicated in parentheses after each location name).
Asterisk on top of the bars indicates significant differences (p <0.001)
between depths. Mean + SE, n =3

25% at a salinity of 21 psu for juvenile S. latissima has been
observed in the NW Atlantic (Gerard et al. 1987). At the
freshwater-influenced locations in this study, vertical differ-
ences in temperature suggested the presence of a fresher sur-
face layer resulting in stronger stratification, reducing nutrient
input to surface waters (Rey et al. 2007), making these loca-
tions unsuited for commercial cultivation. Cultivation loca-
tions should not exhibit seasonal or sporadic reductions in
salinity much below 30-35 psu as low salinity can severely

suppress kelp growth (Spurkland and Iken 2011; Kerrison
et al. 2015). Frond length and biomass measured at the south-
e locations (1-58°N to 5-61°N) did not reach those at cen-
tral and northern locations (6-63°N, 9-69°N), probably be-
cause of more severe and long-lasting nutrient limitation in
these regions during large parts of the cultivation period
(Young et al. 2007; Kerrison et al. 2015; Broch et al. 2019).
Frond lengths and biomass yields were higher at 1-2 m than
at 8-9 m depth for all locations during most of the cultivation
period, similarly to findings from earlier studies in Central
Norway (Forbord et al. 2012; Handa et al. 2013; Sharma et al.
2018). An intermediate cultivation depth of 5 m has previously
been tested for S. latissima in Norway but did not show a signif-
icant difference in peak growth from either 2 or 8§ m depth
(Handa et al. 2013). This was opposite to the findings of culti-
vated M. pyrifera in Chile where the sporophytes cultivated at
3 m depth were significantly larger and heavier than the ones
from 1 and 6 m depth that did not show a significant difference
from each other (Varela et al. 2018). The effect of depth is not
constant but depends on local environmental variations, therefore
several depths should be tested for new farm locations if uniform-
ly seeded drop lines are not used. The linear mixed effects anal-
ysis showed that light had a significant positive impact on sea-
weed frond length and that reduced light availability at 8 m depth
was limiting sporophyte growth in S. latissima, as also shown for
other brown algae (Cronin and Hay 1996). In summer, however,
shorter frond lengths and lower biomass yields were found at 1—
2 m than 8-9 m depth at several locations. This was presumably
an effect of high freshwater runoff in the surface layer or of high
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Fig. 7 Cover of biofouling (% of 12m
fouled frond area) as a function of
time for all study locations at 1—
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B Filamentous algae

I Filamentous/Diatoms

Fig. 8 Epibionts fouling 1-2m 8-9m
S. latissima from all the locations z
at 1-2 m and 8-9 m depth. Data 3
are shown as normalized cover, <
with the proportion each taxon -
constituted of the total cover of all A
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irradiance that may suppress algal growth (Fortes and Liining
1980; Spurkland and Iken 2011). Exposure of 1-2 h to light at
500-700 wmol photons m > s ' can lead to significant

photoinhibition and photodamage in S. latissima, in turn causing

May Jun Jul Aug Sep Oct

loss of biomass and even death of tissue (Bruhn and Gerard
1996; Hanelt et al. 1997). Because high irradiances (>
700 umol photons m 2 s ') were only measured for less than
2 h at most of our sites (data not shown), low salinity was the

- | S O e

Fig. 9 Images of the epibionts found and registered in this study. a Bivalvia. b Membranipora membranacea. ¢ Electra pilosa. d Hydroids. e

Filamentous algae. f Diatoms. g Diatoms at x 40 magnification
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Table5 Linear mixed effects models for the log-transformed dependent
variable biofouling cover, with and without temperature (GDD) and light
as fixed factors. Location and sample date are random intercepts and

GDD as random slope. Models are ranked in descending order after
AIC value (i.e. the best-fitted model are presented first) with associated
R? value

Rank Formula K (parameters) AIC AAIC R?

1 log(Total biofouling + 1)~Light+GDD+(1 + GDD|Location) + (1|Sample date) 8 256.4 0.0 0.51
2 log(Total biofouling + 1)~GDD+(1 + GDD|Location) + (1|Sample date) 7 269.3 12.9 0.46
3 log(Total biofouling + 1)~Light+(1 + GDD|Location) + (1|Sample date) 7 2755 19.1 0.28

more likely cause for lower growth at 1-2 m depth during
summer.

Overall, sea temperature never exceeded 17 °C, a threshold
that may cause loss of tissue and death of S. latissima (Gerard
et al. 1987). In fact, our results for the northernmost location
showed that although the temperature never exceeded the op-
timal lower temperature of 10 °C (Druehl 1967; Fortes and
Liining 1980), the maximum biomass yield and frond length
were among the highest in this study. We therefore suggest
that the optimal temperature range for growth of S. latissima
might in fact be lower than 10 °C for some ecotypes. Our
findings are contrary to suggestions made by Westmeijer
et al. (2019) who proposed that the low temperatures at loca-
tions north of the Arctic Circle make them unsuitable for sea-
weed cultivation.

Chemical composition In our study, total tissue nitrogen con-
tent (Qn, mg N g ' DW) of cultivated S. latissima decreased
during spring followed by an increase in autumn, in agreement
with Handa et al. (2013). The increase in Qy during late sum-
mer and autumn was likely an effect of increased biofouling.
Qn exceeded the critical concentration of 1.7% of DW for
sustaining growth at maximum rates suggested for Fucus
vesiculosus (Pedersen and Borum 1997) only in the beginning
of the sampling period, and for some locations only at 89 m
depths. Similarly, Manns et al. (2017) found a decrease in Qy
in May—July and suggested that the Qn was a more reliable
indicator of the physiological nutritional state of the seaweeds
than the ambient nitrate concentration. Even though the ash
content of the seaweed followed the same seasonal pattern as
Q. the variation in nitrogen content has not been found to be
related to the content of ash (Bak et al. 2019). The ash content
has, however, been found to be negatively correlated with
frond length (Nielsen et al. 2016), which agrees largely with
our results.

Similarly to Qy;, the intracellular concentration of nitrate
(I-DIN, mg NO;~ g ! DW) is suggested to express the
nutritional state of the alga, but unlike Qy and protein
content, it is not affected by onset of biofouling during
summer. [-DIN is easily measurable and studies have re-
vealed that there is a close and significant relationship be-
tween [-DIN and both growth rate and ambient nitrate con-
centrations (Wheeler and Weidner 1983; Young et al. 2007;

Jevne et al. unpublished results), which is highly variable
over short time intervals and can be challenging to mea-
sure. In our study, I-DIN followed a seasonal pattern with
highest content in the beginning of the sampling period
similar to Sjetun and Gunnarsson (1995), when ambient
nitrate is in surplus before stratification of water layers
and the phytoplankton spring bloom begin (Rey et al.
2007; Broch et al. 2013, 2019; Ibrahim et al. 2014).
These conditions occurred later at high compared to low
latitudes and at greater depths at high than at low latitudes.

Specific nitrogen-to-protein conversion factors (K},) based
on total amino acids are needed for S. latissima, because the
commonly used conversion factor of 6.25 previously used for
seaweed tends to overestimate the protein content (Lourengo
et al. 2002; Mahre et al. 2018), thereby misleading con-
sumers. The overall K|, average across locations, depths and
seasons of 3.8 + 0.1 found in this study lies within the range of
earlier published values of 2.0 and 6.25 (Schiener et al. 2015;
Angell et al. 2016; Nielsen et al. 2016; Biancarosa et al. 2017;
Manns et al. 2017; Sharma et al. 2018; Bak et al. 2019). K|,
was only significantly higher at 1-2 m than at 8-9 m depths
when kelp was affected by freshwater runoff, suggesting that
it is acceptable to use the same K, value of 3.8 for S. latissima
cultivated at different depths in full marine salinity conditions.

Latitude, seasonality, local conditions and to some extent
depth affected the protein content in cultivated S. latissima in
the present study. Protein content was higher at high than at
low latitudes throughout the cultivation period, following the
latitudinal pattern in ambient nitrate fluctuation (Harnedy and
FitzGerald 2011). Seasonally, the protein contents were higher
by a factor of 3 in spring than in summer, which is in agree-
ment with a 4- to 8-fold difference in protein content found for
S. latissima between winter/spring and summer in Denmark
and the Faroe Islands (Marinho et al. 2015a; Mols-Mortensen
et al. 2017). In contrast, there was not found significant cor-
relation between protein content and season in another exper-
iment from the Faroe Islands, most likely the result of smaller
seasonal fluctuation in nutrients (Bak et al. 2019).

The sharp increase in protein content to almost 20% of DW
at two locations in our study (2-60°N and 6—63°N) from June
onwards was probably due to fouled biomass, the protein
originating from epibionts and not from the kelp itself.
M. membranacea, the main fouling epibiont at these locations,
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has a high protein content (> 15% of DW on cultivated
Saccharina japonica, Getachew et al. 2015). It has also been
suggested that a higher protein content found in kelp at deeper
waters is a result of reduced light exposure (Cronin and Hay
1996; Ak and Yiicesan 2012; Sharma et al. 2018). A signifi-
cantly higher protein content in kelp cultivated at deeper than
shallower waters occurred at four locations in this study.
These locations had either poor seaweed growth, early onset
of biofouling, and/or had a stratified freshwater layer.
Statistical differences in protein content between depths (0—
10 m) were not found either for cultivated S. latissima in the
Faroe Islands (Bak et al. 2019) or for wild S. latissima in
Denmark (Nielsen et al. 2016).

Biofouling Biofouling varied latitudinally, with a later onset
northward, except for two freshwater-influenced locations and
the southernmost location. Visible fouling, excluding diatoms
and filamentous algae, appeared in May at 60°N and 2 months
later at 69°N, allowing for delayed kelp harvest with increas-
ing latitude. This is broadly in agreement with earlier studies
on cultivated S. /atissima in Norway, reporting that epibionts
were first observed at 59°N in early May (2012) (Liining and
Mortensen 2015), at 61-63°N in mid-June (2013) (Forde et al.
2016), and at 69—-70°N in mid-July (2014) (Matsson et al.
2019). Despite some possible interannual variation, the com-
bination of all studies suggested a latitudinal pattern in bio-
fouling phenology. However, there may be a large spatial var-
iation in cover and species composition of epibionts fouling
cultivated kelp within closely located sites (Matsson et al.
2019). Therefore, careful site selection can reduce biofouling
levels and, hence, increase biomass yield at a given latitude.

The species composition of the epibionts, and thus possibly
their effect on kelp biomass, varied among locations. At most
locations, epibionts were dominated by the bryozoan
M. membranacea like in many earlier studies across different
regions (Liining and Mortensen 2015; Forde et al. 2016; Rolin
et al. 2017). At locations influenced by freshwater, however,
hydroids and bivalves also covered the seaweed fronds to a
high degree. Adults of the bivalve Mytilus edulis are euryha-
line and larval growth is optimal in salinities from 25 to 30 psu
(Brenko and Calabrese 1969). The hydroid Obelia geniculata
also tolerates low salinities (Cornelius 1982). We suggest that
one or more life stages of M. membranacea may be sensitive
to low salinity, explaining the low occurrence of this species at
freshwater-influenced locations.

‘We observed a succession of species inhabiting the surface of
S. latissima, with diatoms and filamentous algae as the first vis-
ible taxa, later replaced by M. membranacea. The same pattern
of variation was observed on cultivated Alaria esculenta in
Ireland (Walls et al. 2017). This is in agreement with the latter
of the four phases of succession proposed by Wahl (1989). The
algal surface is immediately covered with a film of dissolved
chemical compounds (macromolecules), hours later by bacteria
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and after the second day by diatoms. Larvae and algal spores
settle after one to several weeks depending on latitude and
season. Wahl (1989) suggested that the initial phases are purely
physically driven, and temperature (as GDD) had indeed the
highest effect on total biofouling in our experiment, presumably
through its effect on metabolic rates of ecothermic invertebrates.
Increased temperature usually results in shorter developmental
times and higher growth rates of ectotherms (Atkinson 1994)
and growth, development and reproduction are also regulated
by thermal history (Trudgill et al. 2005). In Nova Scotia,
Canada, thermal history explained 76-81% of the variation in
the abundance of settlers of M. membranacea (Saunders and
Metaxas 2007). Additionally, changes in winter and spring tem-
peratures had the strongest relationship with the timing of settle-
ment and abundance, wheras changes in summer temperatures
had the strongest effect on colony size and total coverage on the
seaweed frond (Saunders et al. 2010). Our study also showed that
biofouling decreased with increasing light availability. Lower
light levels may be a consequence of increased levels of food
particles in the water column, which have been linked to higher
biofouling (Saunders and Metaxas 2009). Increased light may
upregulate production of surface metabolites acting to deter es-
tablishment of fouling organisms (Pavia and Toth 2000; Rickert
et al. 2016). In contrast, there are studies suggesting a benefit of
cultivation at deeper waters, where there are lower light intensi-
ties, to delay or minimize fouling (Gendron et al. 2007; Forde
et al. 2016). Lowering the seaweed to greater depths later in the
cultivation season may be beneficial in some areas, but the effects
appear to be location specific.

To date, there are no established standards in Norway for an
acceptable amount of biofouling for human applications, but if
the primary end-use is human consumption or the biochemical
industry, the seaweed surface should contain as few impurities
as possible and preferably no fouling (SM, personal commu-
nication with seaweed farmers). For other applications, e.g.
animal feed or soil fertilizer, a prolonged growth season even
with increased biofouling may be beneficial because it initial-
ly enhances seaweed biomass harvesting yield and nitrogen/
protein content along with associated epibiont biomass.

Conclusions

The variation in growth performance, biochemical composi-
tion and biofouling of cultivated S. /atissima was mainly
caused by seasonality and depth, varying systematically along
a latitudinal gradient. Maximum frond length and biomass
yield occurred up to 2 months earlier at southern locations
than at locations further north, resulting in the potential to
supply the consumer market or processing industry for an
extended period of time. Protein content, total tissue nitrogen
(Qn) and intracellular nitrate (I-DIN) showed a decreasing
seasonal trend before onset of biofouling and the seasonal
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decrease was delayed at higher latitude. The same delay with
latitude was observed for biofouling organisms, suggesting
that a cultivation and harvesting strategy should follow these
latitudinal patterns. Production, expressed in terms of frond
length and biomass yield, was higher at shallow cultivation
depths than deeper, whereas protein, ash, Qy and I-DIN were
generally higher at deeper depths. Salinity appeared to have an
important impact by diminishing seaweed biomass yield and
frond length, ash content, biofouling cover, accumulated light
and GDD at deeper cultivation depths enhancing protein con-
tent and altering biofouling species composition.

Our study is the first to compare cultivation at several sea-
weed farms over a large latitudinal gradient documenting that
kelp farming shows great potential along all latitudes from 58
to 69°N, except in areas with high local environmental varia-
tions, as high freshwater runoff. Due to local variations, pilot
investigations should be undertaken to determine the suitabil-
ity of a given potential farm location, by generating knowl-
edge on suitable cultivation depths and the optimal deploy-
ment and harvesting windows.
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Online Resources 1 -Table 1: Results of three-way ANOVA analyzing the effect of depth, location and
month on temperature (°C), GDD (°C day') and accumulated PAR (mole)

Effect MS F (af) P

Temperature Depth 201.2 1.916(1,3339) 0.201
Location 767.5 10.89,333) <0.001
Month 6400 47.66(3335 <0.001
Location x Month 51.88 6.656(47,3338y <0.001
Location x Depth 28.57 3.840(3335 0.001
Month x Depth 90.76 11.7963338  <0.001
Location x Month x Depth  7.795 12.80(7,3335) <0.001
Error 0.609

GDD Depth 392353 0.750(1,3335y  0.404
Location 8311948 11.6153333y <0.001
Month 218530017 257.23333  <0.001
Location x Month 532516 28.1747,3333 <0.001
Location x Depth 227999 12.34g333) <0.001
Month x Depth 342887 18.25(3335  <0.001
Location x Month x Depth 18901 1.80747,3335 0.001
Error 10459

Accumulated PAR  Depth 222495942 8.510(13329¢ 0.024
Location 2827422 1.704(g3324¢  0.215
Month 72998347  2.720(,3324) 0.123
Location x Month 304419 2.088(47,3324) 0.007
Location x Depth 1508393 10.870g3324) <0.001
Month x Depth 26685443  185.5(,3324) <0.001
Location x Month x Depth 145828 35.11(473329¢ <0.001

Error 4154




Online Resources 1- Table 2: Results of two-way ANOVA analyzing the effect of depth and sampling
date on frond length and biomass yield for all nine locations

Frond length (cm)

Biomass yield (kg m?)

Location Effect MS F (an) P MS F (an) P

1-58°N Depth 6843 10.85(1389y 0.046 | 11.76  33.34117 0.027
Sampling date 19978 31.6731389 0.009 | 1.020 3.794317 0.209
Depth x Sampling date 630.8  4.5293389 0.004 | 0.349 0.195;17 0.825
Error 139.3 1.792

2-60°N Depth 10110 70.28(1392 0.004 | 15.05 4.860(11; 0.271
Sampling date 968.7 6.734(3392 0.076 | 4.494 145111, 0.441
Depth x Sampling date 1439 13913339 0.245 |3.098 19.1831; 0.001
Error 103.4 0.161

3-60°N Depth 37698  25.84(1685) 0.002 | 13.81  6.872(1249 0.079
Sampling date 3063 2.1006e6s5) 0.194 |3.446  1.7153.4 0.334
Depth x Sampling date 1459 1291686y <0.001 | 2.009  5.536(324) 0.005
Error 113.0 0.363

4-60°N Depth 23163 29.931583y 0.003 | 0.036  44.62(115 0.022
Sampling date 1114 14415585 0.349 | 0.005 5.996(;:5 0.143
Depth x Sampling date 773.9  21.63;5583y <0.001 | 0.001  1.247(;15 0.311
Error 35.79 0.001

5-61°N Depth 8832 91.71(13699 0.002 | 5.382 49.46(1,127 0.090
Sampling date 692.3  7.2243369) 0.069 | 0.689  6.326(1,12 0.241
Depth x Sampling date 95.83  0.6493369 0.584 | 0.109 0.443(112) 0.518
Error 147.8 0.246

6-63°N Depth 4139 2.667(1,502 0.151 165.2  20.10¢122 0.020
Sampling date 65058 36.85(592 <0.001 | 79.99  9.6293,, 0.048
Depth x Sampling date 1765 6.775@592) <0.001 | 8.307 3.536(3,2) 0.031
Error 260.6 2.349

7-67°N Depth 29.12  0.004(1676) 0.954 | 0.818  2.786(128y 0.170
Sampling date 9106 1.13867) 0.440 | 0.516  1.74542s 0.302
Depth x Sampling date 8001 111.6(667) <0.001 | 0.296  4.753(128) 0.005
Error 71.69 0.062

8-67°N Depth 761.4  5.431(1490 0.080 | 0.062 13.73(115 0.066
Sampling date 4414 31484490 0.146 | 0.099 21.9215 0.044
Depth x Sampling date 140.2  5.1114490 <0.001 | 0.005 0.166(15 0.848
Error 27.43 0.027

9-69°N  Depth 3228  4.1804gs 0.075 |77.24 11.16435 0.015
Sampling date 63442 82.15s8s; <0.001 | 77.92  10.823) 0.005
Depth x Sampling date 772.3  3.681(sss; <0.001 | 7.205 3.89943 0.004
Error 209.8 1.848




Online Resources 1- Table 3: Results of two-way ANOVA analyzing the effect of depth and sampling
date on dry weight (DW) and ash content for all nine locations

DW (% of WW) Ash (mg gt DW)

Location Effect MS F (an) P MS F (an) P

1-58°N Depth 3407 8.764(118 0.035 | 67627 18.68(1,15  0.010
Sampling date 4749  12.23419 0.016 | 7219 1960415 0.265
Depth x Sampling date 3.882 0.980415 0.443 3683 1.384,89 0.279
Error 3.963 2661

2-60°N Depth 36.03  3.205(1209 0.147 | 19311 1.415¢1,00 0.300
Sampling date 18.28  1.598(;200 0.337 | 7779 0.556(s20 0.734
Depth x Sampling date 11.31  2.916u20 0.047 | 13764 10.99420 <0.001
Error 3.879 1252

3-60°N Depth 2454 2379130 0.165 | 36817 6.580(1,30 0.037
Sampling date 31.06 294373 0.089 | 3868 0.662(730 0.700
Depth x Sampling date 10.55 1.900¢73) 0.105 | 5843 8.958(730 <0.001
Error 5.555 652.2

4-60°N Depth 510.0 12.80¢1,24y 0.016 | 130441 13.24(124 0.015
Sampling date 61.24  1.537249 0.324 | 8980 0.911(s24) 0.539
Depth x Sampling date 39.86  7.058(s24y <0.001 | 9853 13.695,24) <0.001
Error 5.647 719.6

5-61°N Depth 3468 650.3(18 0.025 | 13940 224548  0.375
Sampling date 126.8 23764g  0.013 |57270  9.221g  0.203
Depth x Sampling date 0.053  0.005(13) 0.944 | 6211 2.735(1,8) 0.137
Error 10.08 2271

6-63°N Depth 330.5 11.69¢1.¢ 0.014 | 65491 9.012(12) 0.024
Sampling date 33.97 1.20142¢) 0.415 | 4401 0.606¢.0¢) 0.721
Depth x Sampling date 28.27  2.782;28 0.030 | 7267 1.531629) 0.205
Error 10.16 4747

7-67°N Depth 408.0 14.51;123 0.009 | 156795 12.92;123 0.011
Sampling date 51.65 1.8374.8 0.239 | 21365 1761628y 0.254
Depth x Sampling date 28.12  0.548.2 0.767 | 12132 2.54128 0.043
Error 51.32 4775

8-67°N Depth 71.82  2.654(110 0.179 | 661.3 0.266(1,100 0.633
Sampling date 4478  1.665410 0.319 | 9194 3.703410) 0.116
Depth x Sampling date 27.06  2.305410 0.130 | 2483 1.597@4,10 0.249
Error 11.74 1555

9-69°N  Depth 257.6 8.821u3y 0.017 | 118606 13.463; 0.006
Sampling date 53.34 1.800¢32 0.212 | 11229 1.255@32 0.378
Depth x Sampling date 29.63  2.298(33; 0.045 | 8947 2.578i3) 0.027
Error 12.90 3471




Online Resources 1- Table 4: Results of two-way ANOVA analyzing the effect of depth and sampling
date on intracellular nitrate (I-DIN) and tissue nitrogen (Qu) for all nine locations

I-DIN (mg NOs g™ DW)

Qn (mg N g DW)

Location Effect MS F (an) P MS F (an) P

1-58°N Depth 0.001  1.485(159 0.290 |29.77 1.5914117 0.265
Sampling date 0.000  0.594(20 0.687 | 1282 73.474,17 0.001
Depth x Sampling date 0.001 1.223(40 0.332 17.46  0.225417 0.921
Error 0.001 77.64

2-60°N Depth 0.005 1.946(1.4 0.222 | 166.7 1.338115 0.331
Sampling date 0.002 0.6475249 0.678 | 853.5 6.848415 0.073
Depth x Sampling date 0.003  6.933;524) <0.001 | 124.7  6.233313) 0.004
Error 0.000 20.02

3-60°N Depth 0.003  1.759@130 0.226 | 17.97 0.62113) 0.448
Sampling date 0.002  1.34373 0.354 | 1714 69.26(730 <0.001
Depth x Sampling date 0.002  145.8(730 <0.001 | 24.75 0.219(730 0.978
Error 0.000 112.8

4-60°N Depth 0.033  2.709(1,249 0.161 | 4143 29.55(1,3 0.003
Sampling date 0022 1.842524 0.259 | 116.5 0.83153) 0.578
Depth x Sampling date 0.012  62.63;524p <0.001 | 140.2 8.097;536 <0.001
Error 0.000 17.31

5-61°N Depth n.d n.d n.d 48.40 1.385(1) 0.448
Sampling date n.d n.d n.d 496.4  14.20.4 0.165
Depth x Sampling date n.d n.d n.d 3495  0.259() 0.625
Error n.d 135.1

6-63°N Depth 0.003 0.086(1,5 0.780 | 286.5 3.469(1.4 0.111
Sampling date 0.051 1.4674.s 0.327 | 378.5 4.5494,4 0.044
Depth x Sampling date 0.035 2.182%28 0.075 |83.21 1.6474.24 0.178
Error 0.016 50.53

7-67°N Depth 0.836  19.89(15y 0.004 | 3865 276.11,27y <0.001
Sampling date 0.068 1.618p.5 0.287 |46.41  3.3124,7 0.085
Depth x Sampling date 0.042  3.772,5 0.007 | 14.01  1.2554,7 0.310
Error 0.011 11.16

8-67°N Depth 0.000 1.592(119 0.273 |55.19 0.31041,0 0.607
Sampling date 0.000 154545 0.011 |369.2 2.072(s20) 0.249
Depth x Sampling date 0.000 0.335419 0.852 |178.1  47.814s20 <0.001
Error 0.000 3.726

9-69°N  Depth 0.322 1134433 0.009 |222.9 937143 0.016

Sampling date
Depth x Sampling date
Error

0.236  8.153(s33 0.004
0.029 160433 0.162
0.018

229.5 9.6513 0.002
23.78 15013 0.191
15.84




Online Resources 1- Table 5: Results of two-way ANOVA analysing the effect of location and
sampling date on the protein content (mg protein g* DW) of Saccharina latissima cultivated at 1-2 m
and 8-9 m depth.

Between-Subject effect MS Fan P

1-2 m depth Sampling date 1583 16.32 535 <0.001
Location 402 4.15(,35) 0.024
Sampling date x Location 5681 58.57(11,35y <0.001
Error 97

8-9 m depth Sampling date 1654 11.7133 <0.001
Location 5431 38.4533 <0.001
Sampling date x Location ~ 3475.9 24.611033 <0.001
Error 141

Online Resources 1- Table 6: Results from the independent sample t-test for protein content between
the cultivation depths (1-2 m and 8-9 m) for all experimental sites. Statistical significances (p < 0.05)
are accentuated in bold.

Location t-value df p-value
1-58°N -0.42 3 0.705
2-60°N -3.90 4 0.017
3-60°N -1.49 3 0.231
4-60°N -19.35 3 <0.001
5-61°N -15.00 3 0.001
6-63°N -2.28 4 0.085
7-67°N -36.12 4 <0.001
8-67°N 0.55 4 0.613
9-69°N -2.08 4 0.106




Online Resources 1- Table 7: Results of two-way ANOVA analyzing the effect of depth and sampling
date on biofouling coverage (%) for all nine locations

Biofouling coverage (%)

Location Effect MS F (dn P

1-58°N Depth 19.85 0.047(163y 0.838
Sampling date 9178 19.51463 0.007
Depth x Sampling date 470.3  4.04246s 0.035
Error 170.4

2-60°N Depth 3.740 0.072(13; 0.805
Sampling date 9970 193.031 0.001
Depth x Sampling date 51.67 1.03633 0.390
Error 49.86

3-60°N Depth 50.25 0.127(146) 0.736
Sampling date 10042 25.10546) 0.001
Depth x Sampling date 400.3  6.434545 <0.001
Error 62.20

4-60°N Depth 6132 9.173(1,49y  0.039
Sampling date 724.6  1.084(44 0.482
Depth x Sampling date 668.5  18.57144 <0.001
Error 36.01

5-61°N Depth 338.0 5.243(1,; 0.149
Sampling date 12314 190.4;2; 0.005
Depth x Sampling date 64.69  3.336(222 0.054
Error 19.39

6-63°N Depth 3.295  0.269(148) 0.626
Sampling date 2120 173.048) <0.001
Depth x Sampling date 12.25 0.221545 0.952
Error 55.42

7-67°N Depth 295.8 1.187315) 0.318
Sampling date 404.3  1.62355 0.286
Depth x Sampling date 249.2  18.11s6 <0.001
Error 13.76

8-67°N Depth 2225 1.059@13) 0.379
Sampling date 1653 7.8613332) 0.062
Depth x Sampling date 210.2  6.462333; 0.002
Error 32.53

9-69°N  Depth 35.55  0.08547 0.779
Sampling date 2159 49727799 0.025
Depth x Sampling date 434.2  4.890(779 <0.001
Error 88.78




Online Resources 2- Figure 1
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Figure 1 (Online Resources 1) Growing degree-day (GDD,) for all locations for a) 2 m depth and b) 8 m
depth.



Online Resources 2- Figure 2
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Figure 2 (Online Resources 1) Accumulated PAR (mole) for all locations for a) 2 m depth and b) 8 m

depth. Notice the different scale on the y-axis.



Online Resources 3: Dry weight (% of wet weight) and Ash (mg g™ DW) for all locations and all
sampling dates. Mean t SE, n=3, ¥**n=2, *n=1

DW (% of WW) Ash (mg g™ DW)
Location 1-2m 8-9m 1-2m 8-9m

1-58°N 2-May | 10.4+0.4 7.4%0.1 352.7+17.8 518.9+8.0
18-May | 11.6+1.4 8.8+0.9 347.0+50.3 456.9 + 35.4
12-Jun | 149+0.6 11.7+0.1 278.3+29.9 405.2 £ 29.6
03-Jul | 16.5+0.6 13.6+0.4 | 367.4+83 450.7 + 15.6
06-Sep | 16.0+2.5 16.6 +£1.3 350.7 +41.1 374.2 +10.5
2-60°N 18-Apr | 11.0+£0.9 8.4+0.7 406.4+7.7 505.9 + 29.6
03-May | 14.4+2.0 9.9+1.4 3189+17.3 437.2+35.5
15-May | 13.6 £0.1 9.5+0.2 301.1+18.7 416.5+24.8

02-Jun | 11.5+0.4 12.3+0.8 | 403.3+33.7 327.5+39

14-Jun | 12.7+£1.1 129+1.0 416.0+12.6 384.8+1.1

14-Jul | 17.8 £2.0 386.1+14.3
3-60°N 18-Apr | 13.2+1.8 10.4 * 367.8+47.9 388.9*
04-May | 13.2+0.7 11.6+3.2 292.4+8.6 477.7 £24.7

16-May | 13.7+1.6 8.9+0.6 323.1+£25.2 427.2 +28.6
01-Jun | 14523 15.2+1.4 | 309.6 +30.7 350.1+22.7
13-Jun | 13.9+0.3 123+0.7 | 411.4+31.2 418.6 £21.2
05-Jul | 16.0 0.5 17.0+14 | 389.5+4.2 402.8 +11.7
09-Aug | 20.0+0.1 144+15 |348.2+1.8 438.1+42.8
04-Sep | 15.1+1.0 17.2+0.2 | 3585+213 366.7 4.2
4-60°N 17-Apr | 11.8+1.8 11.3+0.5 | 316.7+21.7 292.5+19.2

04-May | 14.6 £0.5 11.5+0.2 232.8+8.9 315.4+6.9
18-May | 149+1.3 79+0.4 205.2+4.0 344.1+20.2
01-Jul | 18.4+0.9 6.8+0.3 118.2+8.1 283.9+84

13-Jun | 27.1+2.6 12.7+1.2 142.0+11.1 298.0+21.8
09-Jul | 19.1+£3.0 10.3+0.4 140.2 £27.2 343.0+3.6

5-61°N 3-May | 11.7+1.1 8.4+0.5 367.1+41.9 480.9 +25.4

29-May | 18.3+2.2 148+2.6 274.8+11.5 297.4+22.6

6-63°N 25-Apr | 21.6£0.8 12.4+2.6 | 360.8+29.9 441.2 +31.5

04-May | 14.1+1.4 13.8+2.3 339.1+69.1 366.8 £79.8

18-May | 13.9+1.9 135+15 335.8+155.0 369.1%+76.9

31-May | 15.3+2.0 125+1.6 | 418.8+59.6 409.9 £90.1

15-Jun | 23.4+0.4 129+1.0 242.4 +54.8 440.9+£42.2

03-Jul | 21.9£3.0 146+1.1 309.4 £ 69.0 432.6 £34.0

09-Aug | 23.6+2.9 148+15 312.5+19.2 411.3+27.0

7-67°N 27-Apr | 21.4+4.8 18.9+3.0 | 356.2+21.0 406.3 +42.6
04-May | 18.1+0.7 11.8+1.8 400.9 +18.8 428.7+7.9

22-May | 23.0+10.8 119+16 286.2+78.0 455.3 +£20.0

30-May | 16.0+1.7 9.1+0.7 317.0+26.0 473.8 +20.6

16-Jun | 153 +1.8 10.6 £0.5 206.8 +22.8 405.7 £ 14.3

07-Jul | 22.8 4.3 10.8+2.7 146.1 +14.1 384.5+16.3

18-Aug | 16.6 £6.2 21.8+2.4 | 349.1+755 212.3+£22.7




DM (% of WW)

Ash (mg g™ DW)

Location 1-2m 8-9m 1-2m 8-9m

8-67°N** 23-Apr | 9.9+0.3 10.8+2.5 |390.3+11.7 364.3 +£59.0
14-May | 10.4+1.1 9.4+0.1 366.4 £ 34.5 436.6 + 18.0
04-Jun | 9.6 £1.2 10.8+1.8 | 3350414 313.2+283

17-Jun | 9.6 £1.0 159+52 |332.7+75 267.4+8.9

10-Jul | 12.0+£0.3 23.7+4.7 300.6+7.1 286.2+1.7
9-69°N **21-Apr | 11.8+1.0 8.8+0.4 350.8 £35.3 4345+ 36.1
**5-May | 14.5+2.0 81+1.6 263.4+£69.3 473.3+19.6
16-May | 12.5+0.6  10.0+0.7 | 427.6+40.7 4743 +27.1
31-May | 12.4+26 11.6+1.3 |420.4+586 4425+ 39.2
14-Jun | 22.6£2.3 13.3+0.7 2283 +15 398.0+13.2

05-Jul | 13.6+0.8 12.6+0.9 | 401.0+17.6 4743 +6.9
09-Aug | 14.1+1.8 15.5+3.7 407.0 +45.8 375.9+31.2
05-Sep | 22.6 £3.5 10.8+1.5 324.1+42.1 4547 +24.1
28-Sep | 22.7+39 14.6+1.7 |264.1+39.4 448.5 + 32.7




Online Resources 4: Frond area covered (%) divided by taxon for all locations and all sampling dates

when the taxon in question was registered. Mean * SE, n=5, *n=4

Frond area covered (%)

Location Taxon 1-2m 8-9m
1-58°N 12-Jun M. membranacea 5.2+2.0 5621
Hydrozoa 0.2+0.2
Filamentous algae 0.1+0.2
4-Jul M. membranacea 21.5+8.0 42.8+10.4
Hydrozoa 0.3+0.3
Bivalvia 2.1+0.9 0.3+0.3
23-Sep M. membranacea 71.3+115 * 54.4+19.1 *
Hydrozoa 42+13 * 10.3+53 *
2-60°N 18-Apr M. membranacea 0.2+0.2
Filamentous algae/Diatoms 2.1+0.9 52+1.6
3-May M. membranacea 0.1+0.1
Filamentous algae/Diatoms 10.9+3.4 15.4+2.2
15-May M. membranacea 1.0+0.6 1.2+04
Filamentous algae/Diatoms 1.2+0.7
Filamentous algae 0.2+0.2
14-Jun M. membranacea 69.7 +4.2 65.7+6.3
Bivalvia 1.3+0.5 0.2+0.2
Filamentous algae 1.1+0.6 0.4+0.2
3-60°N 18-Apr Filamentous algae/Diatoms 5.6+1.3 31.6+46 *
4-May Filamentous algae/Diatoms 10.9+2.7 12.8+3.3
16-May M. membranacea 1.2+04 0.4+0.2
Filamentous algae 0.2+0.2 1.2+0.2
1-Jun M. membranacea 11.6+3.2 49+16
E. pilosa 0.2+0.2
Hydrozoa 0.6+0.6
Filamentous algae 0.4+0.4 1.6+0.6
12-Jun M. membranacea 76+ 6.4 70.4£5.6
Bivalvia 0.7+04
Filamentous algae 48+2.2 21+1.2
4-60°N 4-May Hydrozoa 0.2+0.2 10.5+1.3
4-Jun M. membranacea 0.4+0.2
Hydrozoa 40.8+1.1
Bivalvia 0.5+0.2
13-Jun M. membranacea 0.4+0.2
Hydrozoa 0.4+0.2 346+4.8
Bivalvia 0.8+0.4
M. membranacea 14+1.2 12.8+4.1
E. pilosa 0.9+0.6
Hydrozoa 0.4+0.2 20.0+5.0
Bivalvia 3.9+0.6
Filamentous algae/Diatoms 1.0+0.7
5-61°N 3-May Filamentous algae/Diatoms 4.4+0.5 *




6-63°N

7-67°N

8-67°N

9-69°N

29-May
28-Jun
25-Apr
4-May
18-May
31-May
15-Jun
3-Jul
22-May
30-May

16-Jun
7-Jul

18-Aug

17-Jun

10-Jul

14-Jun

5-Jul
20-Jul
9-Aug

5-Sep

28-Sep

M. membranacea
Hydrozoa

M. membranacea
Bivalvia
Filamentous algae
Filamentous algae
M. membranacea
Filamentous algae
M. membranacea
Filamentous algae
M. membranacea
Filamentous algae
M. membranacea
Filamentous algae
M. membranacea
M. membranacea
M. membranacea
M. membranacea

Hydrozoa

Filamentous algae/Diatoms

M. membranacea
Hydrozoa

Bivalvia
Filamentous algae
Unidentifiable

E. pilosa
Unidentifiable

M. membranacea
E. pilosa
Hydrozoa

Bivalvia

M. membranacea
Filamentous algae
Filamentous algae
Filamentous algae
M. membranacea
Hydrozoa
Filamentous algae
M. membranacea
Hydrozoa
Filamentous algae
M. membranacea
Hydrozoa

53+13
0.2+0.2
61.2+4.7 *
26+1.0 *

0.2+0.2
0.1+0.1
0.3+0.3
0.3+0.3
0.3+0.3
30+1.2
0.4+04
38.9+9.2
0.2+0.2
0.2+0.2
0.2+0.2
0.4+0.2
0.3+0.3 *

24+19
0.2+0.2
0.4+0.4

0.8+0.8
0.2+0.2
0.2+0.2
3924
4.0+23
22.4+59

0.3+0.2
22+0.8
39+13
0.8+0.8
0.8+0.5
4.1+0.9
6.2+3.7
11.1+3.1
54+2.6
18.8+8.1
6.1+1.8

74+1.0
1.4+1.0
759+36 *

0.8+0.3
0.4+0.4
0.2+0.2

1.0+0.3
0.2+0.1
5.0+0.6

33.7+7
0.5+0.4

0.7+0.4
24+0.9
10.8+6.8
18.3+4.5

1.3+1.1

10.3+3.3

58+2.1
0.4+0.2
0.2+0.2
0.4+0.4
1.3+0.4
1.4+0.6
0.3+0.2
0.3+0.2
40+1.4
139+7.1
12.1+6.1
0.5+0.3
44.0+9.9
6.6+1.9
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Abstract

To reach the goal of an industrialised macroalgae industry in Norway and other high-cost countries in the near future, a
standardised seedling production method to improve quality control and predictability of cultivated biomass is essential. A total
of 11 different treatments for seeding twine or rope with meiospores, gametophytes or juvenile sporophytes from the kelp
Saccharina latissima were measured for growth (frond length, frond area, biomass yield and density) and protein content after
80 and 120 days at sea. Meiospore- and gametophyte-seeded twines were pre-cultivated in the hatchery for 14-42 days prior to
deployment, while juvenile sporophytes of different ages were seeded on ropes directly on the day of deployment using a
commercial binder to attach the seedlings. The results showed that seeding with meiospores pre-cultivated in the hatchery for
42 days (S42) before deployment gave significantly longer fronds (77.0 + 6.7 cm) and a higher biomass yield (7.2+ 0.1 kgm ™)
at sea compared to other treatments. The poorest growth was measured for the direct-seeded sporophytes pre-cultivated in free-
floating cultures for 35 days prior to deployment (D35; 34.4 2.4 cm frond length and 1.6 0.4 kg m™"). Image analysis was
used to measure the coverage of the twine substrate before deployment, and a correlation was found between substrate coverage
and frond length at sea, indicating that this can be used as a tool for quantity and quality control during the hatchery phase and
before deployment. The protein content did not reveal any large differences between the treatments after 120 days of cultivation.

Keywords Cultivation strategies - Direct seeding - Kelp aquaculture - Image analysis - Optimising seaweed hatchery - Protein
content

Introduction

The macroalga Saccharina latissima (Phaeophyceae) is one of
the most attractive species for cultivation in the North Atlantic
Ocean due to its fast growth and high content of valuable
components (Holdt and Kraan 2011; Handa et al. 2013;
Peteiro and Freire 2013; Sharma et al. 2018; Bak 2019). In
2017 Europe contributed less than 1000 t of S. latissima to the
global production of cultivated macroalgae of about 30
million t (Ferdouse et al. 2018), with China and other Asian
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countries supplying the major part of the biomass using breed-
ing as a strategy to improve yield and quality (Wu and
Guangheng 1987; Zhang et al. 2007). Macroalgae for human
consumption account for 83-90% of the value of the global
market (Wei et al. 2013), and the Western market is expected
to increase rapidly due to consumers’ desire for new protein
sources and healthy food supplements (Kim et al. 2017). This
is a key driver for the ongoing development of an industrial
macroalgae cultivation in Europe (Cottier-Cook et al. 2016),
and high salary costs call for standardised solutions that are
easy to scale up.

In aquaculture, seaweeds grow on artificial substrates
or under free-floating conditions. Regardless of cultiva-
tion methods, land facilities are currently necessary to
accommodate the hatchery units and facilities for the pro-
cessing of harvested biomass. Although most cultivated
macroalgae species can be grown through vegetative
propagation, the production of seedlings is mandatory
for several important commercial species. Saccharina
latissima has a diplo-haplontic, heteromorphic life cycle
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with alternation between a microscopic haploid (n) game-
tophyte generation and a macroscopic diploid (2n) sporo-
phyte generation (Kain 1979). During the fertile season, a
sorus with sporangia develops on the lamina and meiosis
produces meiospores (spores) that are released into the
surrounding water (Van Patten and Yarish 1993). The
spores develop into female and male gametophytes, and
fertilisation leads to the development of microscopic sporo-
phytes that grow to adult size (Kain 1979). For any seaweed
species grown through sexual reproduction, optimising hatch-
ery production processes is crucial to the success of sea farm-
ing. Standardisation of cultivation procedures and strategies is
essential to overcome low predictability of production quan-
tity and quality, and to lower the production costs.

There are three main strategies for producing kelp
seedlings, seeding the growth substrate with either (1)
meiospores, (2) gametophytes or (3) juvenile sporophytes.
Seedlings can be kept on a substrate in the hatchery for
several weeks before deployment at sea or seeded directly
before deployment using a binder.

Using spores for seeding requires fertile sporophytes,
which is season-dependent if these are collected in natural
habitats. Fertility can also be induced by artificial day
rhythm and thus enable year-around access to spores
(Pang and Liining 2004; Forbord et al. 2012). Saccharina
latissima development can be held in the gametophyte life
stage (Zhang et al. 2008) by keeping the cultures in red
light under controlled environmental conditions where
fertilisation can be induced by changing from red to white
light (Liining and Dring 1972; Cuijuan et al. 2005). These
continuous cultures are available for year-through seeding
of gametophytes or production of juvenile sporophytes for
direct seeding. This method can be advantageous as the use
of incubation facilities might be shortened by several
weeks or, in the case of direct seeding, omitted completely.
The use of a binder to attach spores, gametophytes or spo-
rophytes to the substrate is preferred by several commer-
cial farmers and in research projects (Mols-Mortensen
et al. 2017; Bak et al. 2018; Kerrison et al. 2018, 2019).
Recent experiments have shown that a binder method of
cultivation is not only as effective as traditional methods
but also can be 100 times more space-efficient during the
laboratory phase (Kerrison et al. 2018). When seeding
spores or gametophytes on twine without using a binder,
they need to be incubated in a hatchery for several weeks to
be able to attach properly to the substrate before being
deployed at sea (Xu et al. 2009; Forbord et al. 2018).

This study aimed to compare how three different
seeding methods of S. latissima, using either meiospores,
gametophytes or direct seeding with juvenile sporophytes,
and time of hatchery periods affect growth in size (length
and area), biomass yield, density and protein content dur-
ing 80 and 120 days of sea cultivation.
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Materials and methods
Preparation of gametophyte cultures

Sporophytes of S. latissima were collected by divers in August
2017 for induction of sori under low-light (70 pmol
photons m 2 s ! at the water surface)/short-day (8 h
light:16 h dark) conditions for 6 weeks before maturation
according to Forbord et al. (2012). Sorus pieces from around
20 sporophytes were disinfected and dehydrated for 24 h at
4 °C, and spore release was carried out the following day. The
spore solution used for starting gametophyte cultures had a
density of 400,000 spores mL ™", which was added to culture
flasks with Provasoli’s enriched seawater (PES) (Provasoli
1968) kept at 10 °C under constant red light with a light
intensity of 30 umol photons m s ' and filtered air provided
through silicon tubes for aeration. The cultures were up-scaled
and maintained after 4 weeks and then every second week
until used in the experiment in January 2018.

Preparation of cultures of juvenile sporophytes
for direct seeding

Fertile S. latissima sporophytes were collected by divers
in December 2017 and stored in tanks with running sea-
water and low-light/short-day conditions until used for
different seeding trials in the current experiment. Sori tis-
sue from around 20 sporophytes was used to obtain a
spore solution with a density of 400,000-470,000
spores mL ! used for starting cultures of free-floating
seedlings in aerated flasks containing PES at 10 °C in
white light (40 pmol photons m 2 s ') and a light regime
of 16 h light:8 h dark to promote fertilisation and sporo-
phyte development. Cultures were started 42 (D42), 35
(D35) and 28 (D28) days before they were seeded on
ropes using a binder and deployed at sea the same day.
The seedlings had an average length of 45-120 pum before
seeding, and the fraction of sporophytes vs. gametophytes
was in the range of 7.4-13.6% where one counted indi-
vidual was equal to one sporophyte or one gametophyte
filament (Table 1). The sporophyte cultures were diluted
50/50 with autoclaved seawater to aim for the same den-
sity as the spore solutions. One of the gametophyte culture
was induced in white light for 14 days (GF0) before being
seeded with the binder directly on ropes on the day of
deployment and had an average length of 88 um and a
sporophyte vs. gametophyte fraction of 6.4%. A commer-
cial binder (AtSeaNova, BE) was used to thicken the
sporophyte/gametophyte cultures, which were applied to
the ropes (2 18 mm, braided AlgaeRope), preventing the
suspended seedlings from being washed off before they
could attach (Kerrison et al. 2018). The protocol for
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Table 1 Detailed information for the different hatchery treatments
before deployment in sea showing their abbreviation (Abb), the starting
dates for cultures and for induction of fertility in white light, the culture

density, the date of seeding on ropes, the seeding density (spores mL ™" for
spores, mg mL~" (DW) for gametophytes and individuals mL™" for spo-
rophytes) and the sporophyte lengths at seeding

Hatchery Abb  Date of culture start/date of Culture density ~ Date for Seeding density (spores mL ™", *mg mL™" Length at
treatment fertility induction (spores mL™") seeding on (DW) or **individuals mL™") seeding (nm)
ropes

Spores 42 S42 - - 03.01.18 250,000 -

Spores 28 S28 - - 17.01.18 250,000 -

Spores 21 S21 - - 24.01.18 250,000 -

Gametophytes ~ G28  06.10.17 400,000 17.01.18 *0.35 -
28

Gametophytes ~ G21  06.10.17 400,000 24.01.18 *0.35 -
21

Gametophytes ~ G14  06.10.17 400,000 31.01.18 *0.35 -
14

Gametophytes ~ GF14 06.10.17/17.01.18 400,000 31.01.18 *0.35 -
fertile 14

Gametophytes ~ GFO  06.10.17/31.01.18 400,000 13.02.18 **Gametophytes: 2805 87.6
fertile direct 0 **Spores: 180

Sporophytes D42 03.01.18 434,000 13.02.18 **Gametophytes: 1740 92.4
direct 42 **Spores: 185

Sporophytes D35 10.01.18 400,000 13.02.18 **Gametophytes: 5973 44.5
direct 35 *#Spores: 440

Sporophytes D28 17.01.18 467,000 13.02.18 #*Gametophytes: 1730 120.0
direct 28 **Spores: 235

seeding with the binder is IPR of the AT~SEA project
partners (http://www.atsea-project.eu/).

Seeding of meiospores and gametophytes on twine
in the hatchery

The spore solution used for producing seedlings on twine had
a density of 250,000 spores mL ™! (Table 1). Gametophytes
used for seeding were either taken straight from the red-light
conditions or induced for 14 days in white light to make the
gametophytes fertile before seeding. The gametophyte densi-
ties were measured with optical density at 750 nm (OD75)
and diluted to 0.35 mg mL™! (DW) before seeding (OD cal-
culated to DW from standard curves), a density found to give
adequate seedling growth on substrate in previous experi-
ments with Alaria esculenta (Duarte 2017). Spores and game-
tophytes were seeded on @ 1.2 mm twisted nylon string coiled
around PVC spools. The spools were incubated in 300-L cyl-
inders holding running, nutrient-rich deep water, a light inten-
sity of 70 pmol photons m 2 s ' outside the cylinders and a
light regime of 16:8 (L:D). To let the propagules settle on the
twine, the water was kept stagnant before a water flow of
around 2 L min' and aeration was turned on 3 days after
seeding. Seeding with spores started 42 (S42), 28 (S28) and
21 (S21) days before deployment, and gametophytes were
seeded 28 (G28), 21 (G21) and 14 (G14) days before deploy-
ment (Table 1). One culture of gametophytes was induced in
white light for 14 days before being seeded on twine and kept

in the hatchery for 14 days before deployment (GF14). Details
concerning all stages of seedling production are described in
Forbord et al. (2018).

Substrate coverage measured by image analysis

To quantify the number of seedlings covering the twine sub-
strate, images were collected 2 days prior to deployment at sea
for later processing. The cylinders with the twine substrate
were removed from the incubators into a small water-filled
glass tank for depiction. A white LED ring light (Effilux 000
SD P2) was used for even illumination in a brightfield setup
with the lens positioned inside the ring light. Each substrate
cylinder was depicted at three distinct locations, resulting in
three images per substrate (Alver et al. 2018). The working
distance was kept identical between images, and the field of
view was 30 X 40 mm. Images were collected using a Nikon
DSOOE DSLR and a Sigma AF 105 mm {/2,8 macro lens.
Software was developed in LabVIEW (National Instruments
Co., USA), which extracted the saturation colour plane to
identify seedlings on the white substrate. The International
Commission on Illumination has defined six attributes de-
scribing a colour, saturation being one of them, defined as
the colourfulness of an area relative to its brightness (CIE
Standard S 017/E 2011). Using the saturation colour plane is
a robust method of segmenting the growth from the cultiva-
tion substrate. The average pixel intensity from the saturation
colour plane of the three images per cylinder is calculated to
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represent the amount of growth using the developed software.
The values presented here were normalised to a percentage of
the output range, where 0% is a clean, white substrate and
100% is a substrate completely covered by sporophytes.

Deployment at sea, growth measurements
and collection of samples for chemical analysis

The seed lines were entwined onto 6-m-long 18-mm carrier
ropes using a spinning machine on the day of deployment
(Alver et al. 2018; Forbord et al. 2018) and randomly distrib-
uted vertically from two longlines at the sea farm Skarveya in
Central Norway (63° 39’ N, 8° 39’ E) on 13 February 2018
(Fig. 1). This area has a mild maritime climate with the coldest
season from January to March and the driest season in May to
June (Sharma et al. 2018). The farm is sited at a sheltered
location. The first registration was done on 4 May 2018 after
80 days at sea and the last one on 13 June 2018 after 120 days
at sea. Length and width measurements of 20 sporophytes for
all treatments on each of the two longlines were registered in
May and June, and biomass and density were measured only
in June, all from 1 to 2 m cultivation depth. Samples of 10
individuals, consisting of frond, stipe and holdfast, from all
treatments at both lines, were collected for chemical analysis
and kept cold in bags until frozen at —20 °C immediately after
arriving at the laboratory (Fig. 1).

The relative daily growth rate (RGR, day ') based on an
increase of mean frond length was calculated as

)
. T

where L; represents length (cm) at a given sampling date, L,
the length (cm) at the previous sampling date and 7' is the
elapsed time (days) between these sampling days.

The area of the sporophytes was calculated using a factor of
0.75 x length x width (Broch et al. 2013).

Temperature

The temperature was recorded at 2 m depth every 15 mins
using Onset HOBO pendant loggers (Bourne, USA; temper-
ature accuracy +0.53 °C, resolution 0.14 °C) situated on a
separate rope placed in the middle of the farm. The loggers
were cleaned from fouling during the May registration.

Nitrogen analysis

Nitrogen content was analysed for the whole thalli. The sam-
ples were frozen at —20 °C and later stored at —80 °C until
freeze-dried (Hetosicc CD 13-2) at —40 °C for 48 h. The
freeze-dried kelp was homogenised into a fine powder; sam-
ples of 0.4-1.0 mg were transferred to tin capsules, and nitro-
gen was analysed in parallels with a Carlo Erba element
analyser (model 1106). The nitrogen content was used to cal-
culate the protein content using season- and depth-specific

mtory

Fig. 1 Geographical location of the experimental seaweed farm Skarveya and the laboratory producing the seed lines. The region to the right is indicated

by a black rectangle in the large-scale map
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nitrogen-to-protein conversion factors (K,,) of 3.6 for May and
4.3 for June (Forbord et al. submitted).

Statistics and data analyses

Independent-samples  tests were run to assess if there were
differences between frond length and width between the two
long lines after confirming the assumption of normality
(Shapiro-Wilk’s test) and homogeneity of variance (Levene’s
test). Significant differences were not found between any of
the 11 treatments on the two lines, and the lines were pooled to
get a sample size of n=40. For frond length and sporophyte
area, the assumption of homogeneity of variances was violat-
ed (Levene’s test, p < 0.001). The Welsh ANOVA was used to
look for significant differences and the Games-Howell post
hoc test to compare all possible combinations of group differ-
ences. Linear regression analysis was performed to look for
the relationship between density and individual sporophyte
weight, and for mean frond length and the substrate coverage
before deployment. Data are presented as mean + standard
error (SE) unless otherwise stated. Significance level was set
to 0.05. Statistical analysis was performed using IBM SPSS
Statistical Software (Version 25), and plots were made using
Systat SigmaPlot software (version 14).

Results
Substrate coverage before deployment at sea

The treatment showing the highest substrate coverage was the
spore treatment S42 with an average of 84% (Figs. 2 and 3).
This treatment had the longest incubation time of 42 days in
the hatchery before deployment at sea. S28 and S21 had a
coverage of 58% and 25%, respectively. For the gametophyte
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Fig. 2 Substrate coverage (%) before deployment of spore and
gametophyte treatments on twine (see Table 1) incubated in the hatchery
for 14-42 days. Mean + SD, n=3

seeding, the G28 treatment with 28 days of incubation had a
substrate coverage of 43% on average compared to G21 and
G14 with 25% and 9% coverage, respectively. The GF14
treatment that was induced in white light before seeding and
incubated in the hatchery for the same number of days as the
G14 treatment had a coverage of 10%.

Temperature

The sea temperature was at its lowest in mid-March at 4.5 °C
and at its highest at the beginning of June at 10.2 °C (Fig. 4).
Average monthly temperatures never reached more than
9.8 °C.

Growth performance at sea

Mean frond lengths of S. latissima varied pronouncedly be-
tween treatments, and a pattern was apparent where the treat-
ments with a long hatchery period had longer fronds than the
treatments with a shorter period in the hatchery (Fig. 5). The
mean maximum frond length in June of 77.0£6.7 cm was
found for treatment S42, while the shortest fronds were found
for treatment D35 with 34.4+2.4 cm. The S42 sporophytes
were significantly longer than the other treatments in both
May (Welch’s Fg1702=48.7, p<0.001) and June (Welch’s
Fl0.1712=20.4, p<0.001).

Generally, the direct-seeded treatments (GF0, D42, D35
and D28) showed higher relative growth rates (RGR, day )
between the two registrations than the spore- and
gametophyte-seeded treatments. The RGR for all treatments
fluctuated around 0.02-0.05 day ' (Fig. 5).

The relationship between mean frond length (cm) and the
substrate coverage (%) before deployment revealed a strong
positive correlation for both May (r=0.84) and June (r=
0.90). Linear regression was used to fit straight lines to the
data (Fig. 6), and the linear association reached statistical sig-
nificance for both May R*=0.7, F,5=11.8, p=0.018) and
June (R* = 0.8, F} s =20.7, p=0.006), with a slightly better fit
for June than for May.

The highest mean frond area in June was found for treat-
ment S42 with 588 = 52.4 cm?, and the lowest was measured
for D35 with 133+ 11.8 cm? (Fig. 7). The S42, S28, G28 and
G21 sporophytes had a significantly larger area than the other
treatments in May (Welch’s F¢ 16595 =43.1, p<0.001), and
in June, the S42 and G28 sporophytes showed a significantly
larger area than the other treatments (Welch’s /11703 =19.5,
p<0.001).

Biomass yield (kg m ') and sporophyte density
(individuals m™ ") were measured in June, and as no fouling
by diatoms and filamentous algae was visible, the weight rep-
resents only kelp biomass. The mean biomass yield across all
treatments was 3.4 =0.5 kg m™, and the range was from 1.6 +
0.4 forD35t07.2+0.1 kgm ' for the S24 treatment (Fig. 8a).

@ Springer



J Appl Phycol

Coverage: 84%

Coverage: 58%

R e
N N S e
OO -
OO
OO

/
f
|
4

S21
Coverage: 25%

Fig. 3 Colour images of substrate (top row) and corresponding saturation image planes (bottom row). Treatment S42 (left) had an average substrate
coverage of 84%, treatment S28 (mid) with an average substrate coverage of 58% and treatment S21 (right) with an average substrate coverage of 25%

The sporophyte density had a mean value across all treatments
of 311+ 87.9 individuals m ' and was lowest for the G28
treatment with 175+5.0 individuals m ' compared to the
highest density of 450+35.4 individuals m™" for the D35
treatment (Fig. 8b).

The relationship between sporophyte density and the indi-
vidual sporophyte weight revealed a linear increase of indi-
vidual weight with decreasing density with a positive correla-
tion (r=0.73) (Fig. 9). Linear regression was used to fit a
straight line to the data, and the linear association reached
statistical significance R?=0.5, F, 9=10.0, p=0.012). The
results from the S42 treatment (marked with a circle in Fig. 9)
deviated strongly from the others, having both a high density
(417 £31.8 individuals m ") and high individual weight (8.7

Temperature (°C)

T

4 T T T ]
Feb Mar Apr May Jun Jul

Fig. 4 Daily average sea temperatures (°C) at 2 m depth at the sea farm
Skarveya from deployment in mid-February until harvest in mid-June
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+0.6 g). With the removal of this treatment from the linear
regression, the positive correlation was strong (» = 0.95), with
a significant linear association (R*=0.9, F,5=173.5,
p<0.001).

Protein content

The protein content decreased from May to June for all treat-
ments (Fig. 10), and the mean content across all treatments
was 73.3+2.4mgg ' DWinMayand 57.2+1.5mgg ' DW
in June. In May, the highest protein content was found for the
G21 sporophytes with 87.0+5.3 mg g ' DW, and in June, the
highest content was measured in the G14 treatment with 67.3
+£2.6mgg ' DW. Overall, the protein content did not vary a
lot between the 11 different treatments over the cultivation
period.

Discussion

Building up a full-scale seaweed hatchery can constitute a
high investment cost for farmers and might not be manageable
for newly established companies. A shortening of the incuba-
tion phase, thus enabling several production cycles or a total
omittance, might therefore be worth looking into, especially
when aiming for large-scale cultivation to reach the
prospected production goals of 4 million t of macroalgae in
Norway in 2030 and 20 million t in 2050 (Olafsen et al. 2012).
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Image analysis of substrate coverage
before deployment at sea

Standardisation of production methods to improve quality
control and predictability of produced quantity of seaweed
biomass is needed for upscaling to industrial production vol-
umes of macroalgae in high-cost countries, e.g. in Western
Europe. Monitoring, automation and control techniques are
necessary to replace manpower. In this study, we demonstrate
a possible first step through the measurement of the substrate
coverage as a form of early-stage control of the seedling qual-
ity and expected quantity of produced biomass. The method
makes processing of a large number of images possible with
little effort, compared to manual counting/analysis of the sub-
strate itself or images of it. However, a weak point of this
method is to separate the growth of target species from that
of other contaminant species like diatoms or filamentous
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Fig.6 The mean frond length (cm) for May and June as a function of the
substrate coverage (%) at deployment in sea in February, with regression
lines showing the linear trends

Hatchery treatments

algae. If these species have a somewhat similar colour repre-
sentation, contamination may be hard to distinguish from tar-
get species using image processing techniques. Although the
measured growth may be correct using the saturation method
presented here, it may not be accurately represented for the
targeted species if unwanted species are increasingly present.
The method may be refined, and one step in that direction
would involve the calibration of reflectance from a standard
target, as light quality, intensity and sensitivity in the source
and camera are due to change between equipment and time.
The light-reflecting properties of the substrate influence the
definition of zero coverage, and hence, this should also be
included in the calibration process. A comparison of the meth-
od against the manual counting of sporophytes on substrate
was not within the scope of the experiment.

Growth performance at sea

All the 11 seeding treatments were cultivated successfully at
sea but with significant differences in frond lengths. The over-
all best performance of all measured variables was obtained
by seeding twine with spores and pre-cultivating them in the
hatchery for 42 days (S42), a treatment used in previous ex-
periments in Norway (Forbord et al. 2012; Handa et al. 2013;
Fossberg et al. 2018; Sharma et al. 2018). Frond lengths in
June for the S42 treatment were comparable to those of pre-
vious experiments in the Faroe Island and Norway (Handa
et al. 2013; Mols-Mortensen et al. 2017; Bak et al. 2018),
and the biomass was well within the range found by other
trials in Europe (Peteiro and Freire 2009; Kraan 2013; Mols-
Mortensen et al. 2017; Matsson et al. 2019). The D35 treat-
ment, on the contrary, showed the shortest frond lengths and
the lowest biomass yield, which was in the same range or
higher as found in several Danish cultivation experiments
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(Marinho et al. 2015; Bruhn et al. 2016). All treatments in the
current experiment resulted in shorter fronds than those found
in a previous cultivation experiment in the same geographical
area but at a more exposed location (Sharma et al. 2018). They
found average lengths twice of the best growth in the present
experiment after 134 days at sea, suggesting that local envi-
ronmental conditions have a major impact on the growth at
sea.

The frond area showed a similar trend as the length in June
with the highest measured values for the S42 treatment and the
lowest for D35, indicating that the width of the frond mainly
followed the frond length at this sheltered location. Both the
area and length of S. /atissima have been found to give good
estimates for the standing biomass (Stagnol et al. 2016; Foldal
2018).

The highest relative growth rate (RGR) for the cultivation
period was found for the four direct-seeded treatments (GFO,
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D42, D35, D28), which had the shortest frond lengths com-
pared to the others after 80 and 120 days at sea. This is ex-
plained by growth rates becoming reduced with increasing
size of the sporophytes (Huges 1973; Kain 1991).
Sporophyte density on ropes can affect individual sporo-
phyte growth and total yield (Reed et al. 1991; Creed et al.
1998; Steen and Scrosati 2004; Kerrison et al. 2015, 2016).
The optimal density for the highest achievable biomass yield
for S. latissima and other kelp species is, however, still un-
known (Kerrison et al. 2015). The sporophyte density varied
greatly between the treatments in the current experiment, with
an almost three times higher density for D35 compared with
(28, suggesting a better attachment to the substrate (Xu et al.
2009; Kerrison et al. 2018). The sporophyte density had a
strong correlation with the individual sporophyte weight,
showing that high densities led to low individual weights
due to intraspecific competition and resource limitation such
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Fig.8 aBiomass yield (kg m™") and b sporophyte density (individuals m™") for the different hatchery treatments (see Table 1) in June, mean + SE, n =2
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Fig. 9 The sporophyte density on the ropes (individuals m™") as a
function of the individual sporophyte weight (g), with the regression
line showing the linear trend. The S42 treatment deviated from the
others with both high density and weight and is marked with a circle

as light and nutrients (Kain and Jones 1963). However, the
only treatment deviated from this linear trend was the S42
with the highest yield but also one of the highest densities.
One possible explanation for this can be that the long incuba-
tion period in the hatchery before deployment stimulated the
development into sporophytes from a higher number of
spores, but the high density obviously did not exceed the
optimal density for growth at sea.

All 11 treatments were deployed the same day on the same
farm and were exposed to the same environmental conditions
during sea cultivation. Differences in growth performance
were, therefore, most likely attributed to the size and density
of the juvenile sporophytes at deployment. The range in tem-
perature measured during the experiment showed that the
treatments were cultured within the typical thermal range of
5-15 °C for S. latissima (Kerrison et al. 2015) and never
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Fig. 10 Protein content (mg g~ DW) as [N] x 3.6 in May and [N] x 4.3 in
June for different hatchery treatments (see Table 1), mean + SE, n=2

encountered temperatures exceeding 17 °C that may cause
loss of tissue (Gerard et al. 1987).

Comparing similar seeding methods

By comparing growth performance at sea for treatments with
the same seeding method (spores, gametophytes or juvenile
sporophytes), a clear pattern was seen for spores (S42, S28
and S21), with a significantly increased growth at sea with
number of days in the hatchery. This was also evident from
the substrate coverage before deployment with a decrease
from 84% for S42, 58% for S28 and 25% coverage for S21.
For seeding with gametophytes (G28, G21, G14 and GF14),
on the contrary, no significant differences were found at sea
with days in the hatchery. However, a difference in the sub-
strate coverage could be seen with the G28 having 43% cov-
erage, the G21 25% and the G14 and the GF14 9 and 10%
coverage, respectively. A clear correlation between the sub-
strate coverage and frond length for all twine seeded treat-
ments was found for both the May and June samplings, sug-
gesting that image analysis can be used as a tool for easy
quantification of frond lengths and quality assurance of the
seed lines before deployment. The four direct-seeded treat-
ments (GF0, D42, D35 and D28) showed the poorest growth
at sea for all measured variables and no significant differences
with seedling age. Seedling lengths and share of developed
sporophytes compared to gametophytes in the free-floating
cultures did not follow an age-specific pattern. This could be
due to small and stochastic differences in spore development
in the free-floating cultures caused by genetic variation, a
different maturation degree of the selected sori, self-shading
or minor different physical conditions like light and aeration.
However, a clear coherence between the seedling’s length at
deployment and growth performance at sea was evident for
the D35 treatment that had the poorest growth for all measure-
ments in this study and that deviated most from the robust S42
treatment.

Comparing treatments of similar age

The gametophytes were at a more advanced stage in the de-
velopment than spores when seeded on twine, but they usually
need 8—10 days in white light before reaching fertility (Arbona
and Molla 2006) and time to develop rhizoids to attach prop-
erly to the substrate in contrast to spores that actively attach
(Xu et al. 2009). The substrate coverage before deployment at
sea for treatments S28 vs. G28 and S21 vs. G21, which had
the same number of days in the hatchery, was comparable.
When comparing these treatments at sea after 120 days of
cultivation, they had the same frond lengths and biomass
yield, but the spore-seeded twine had a higher density than
the gametophyte-seeded twine, most likely due to poorer ad-
hesion properties of the gametophytes (Xu et al. 2009; Shan

@ Springer



J Appl Phycol

etal. 2013). Loss of propagules after seeding and placement in
the incubators could thus be a possible explanation for the
gametophyte treatments resulting in the lowest density at
sea. Techniques to avoid this can be disrupting the gameto-
phyte fragments as small as possible for better attachment,
increasing the period of stagnant water in the incubators (Xu
et al. 2009) or using a binder for better attachment (Kerrison
et al. 2018). The gametophytes transferred to white light for
induction of gametogenesis (GF14) 14 days prior to seeding
did not show a significantly better length growth at sea than
the gametophytes seeded directly from red-light conditions
(G14), indicating that the fertility induction in white light in
reality can be omitted for S. latissima gametophytes.

Direct seeding

Gluing juvenile sporophytes or gametophytes directly on to
the droplines before deployment using a binder saves both
time and space by skipping the hatchery incubation and the
time-consuming entwining process of the seed string onto the
droplines. When cultivating juvenile sporophytes in free-
floating cultures, the holdfast of the sporophytes will most
likely not develop as rapidly as when pre-cultivated on sub-
strates in a hatchery for several weeks prior to deployment at
sea. Mols-Mortensen et al. (2017) explained low yields using
a binder method by a possible detachment of the seedlings
shortly after deployment. The sporophyte density of the
direct-seeded ropes in the current experiment was among the
highest in the experiment, suggesting that the direct-seeded
sporophytes were not washed off the ropes after deployment
but rather that extra time was needed to develop a holdfast and
a tight attachment to the substrate before the frond elongation
could start. The sheltered sea farm and the good light condi-
tions at time of deployment could also have contributed to a
successful attachment (Kerrison et al. 2018). A longer culti-
vation period, by deployment e.g. in autumn, or seeding with
lower densities may have levelled out the growth between the
different treatments when harvesting in June. No differences
in growth measurements were found when comparing direct-
seeded gametophytes induced in white light for 14 days to
direct-seeded sporophytes cultured up to 42 days in white
light. This is probably due to the low fraction of developed
sporophytes in all treatments before seeding that might be the
result of sub-optimal culture conditions for sporophyte
development.

The rope structure and material used for seeding have prov-
en to have a large impact on the harvesting yield. Twisted
ropes have shown significantly better performance than braid-
ed ropes for both spore and juvenile sporophyte seeding
(Kerrison et al. 2019). The spores and gametophytes were
seeded on a twisted nylon string (2 1.2 mm and wound around
2 18 mm twisted rope when deployed), while the treatments
using a binder were seeded directly on a braided rope (e
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18 mm, AlgaeRope). This dissimilarity could have impacted
the final yield in this experiment and explained some of the
differences.

Protein content

A decrease in protein content was measured from the first
sampling in early May of 73.3 + 2.4 mg g”' DW to the second
sampling in mid-June of 57.2 = 1.5 mg g”' DW on average.
The protein content most likely followed the seasonal pattern
of ambient nitrate fluctuations in seawater (Rey et al. 2007;
Broch et al. 2019), where a higher ambient nitrate concentra-
tion is found to result in higher protein content (Harnedy and
FitzGerald 2011). Brown seaweeds have been reported to
have lower protein content than green and red seaweeds, but
the single maximum value found in this study (111 mg g
DW) is within the range of some of the concentrations found
in green (100-260 mg g”! DW) and red (50-440 mg g”! DW)
seaweeds (Fleurence 1999; Holdt and Kraan 2011). The
growth environment is likely to affect the biochemical com-
position of seaweeds, which may, in turn, affect the quality of
the harvested biomass (Kerrison et al. 2015; Schiener et al.
2015). Because the sea cultivation conditions were similar for
all treatments, no large differences were expected to be found
for the protein content between them. It is worth noting that
the protein concentration is calculated from the nitrogen con-
tent using season- and depth-specific nitrogen-to-protein con-
version factors (K,) found in a previous experiment from the
same geographical area (Forbord et al. submitted). This may
both have under- and overestimated the protein concentration
at certain points in time (Manns et al. 2017; Mahre et al.
2018).

Summary and conclusions

This study has demonstrated that different seeding methods
and hatchery periods had high impact on the growth perfor-
mance of S. latissima at sea. Twine seeded with spores pre-
cultivated in the hatchery for 42 days gave significantly better
growth measurements than any of the other treatments tested
in this experiment. A clear coherence was found between days
in the hatchery before deployment and growth performance at
sea for the spore seeding method. In contrast, no differences
were found between the hatchery period and growth at sea for
the gametophytes, which indicated that the hatchery period
can be reduced down to 14 days and that the induction of
fertility in white light before seeding is not crucial. The game-
tophyte seeding showed the lowest density of all treatments at
sea but had larger frond lengths, area and biomass compared
to the direct-seeded treatments that used a commercial binder
to attach juvenile sporophytes before deployment. All mea-
sured growth variables were poor for the direct-seeded
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treatments during the relatively short cultivation period of
120 days at sea, but a longer cultivation period might have
levelled out the differences between the seeding methods. The
reduced costs by skipping the hatchery phase and entwining
process may make up for this in a business prospective, but no
attempts were made to compare the costs related to the differ-
ent seeding techniques in this work. Image analysis of sub-
strates before deployment seemed to be a useful tool when
assessing frond lengths at sea, but the method needs to be
further developed to include predictions about harvesting
yields. One source of weakness in this study, which might
have affected the comparison of growth measurements be-
tween the seeding techniques, is the different methods used
to assess seeding density. An important area for further work
should be to determine the optimal seeding density for the
different life stages of kelp giving the maximum yield at sea
and to standardise easy methodology for measurements before
deployment.
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