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Abstract

The cultivation of kelp typically involves two stages, where an indoor hatchery phase preceedes the grow-out phase at-sea.
The in situ adhesion of microscopic propagules onto specifically designed substrates using binders has been proposed as an
alternative to conventional hatchery methods where juvenile seaweeds are cultured on seeded twine, aimed at saving resources
while increasing productivity as it obviates the hatchery phase. Here we tested how well kelp (Saccharina latissima) game-
tophytes adhere to cultivation ropes using two binder types (agar and k-carrageenan) and application treatment (separate or
mixed application) under two ecologically relevant flow regimes (5 and 15 cm s™"), and a control condition (0 cm s™') in a
laboratory flume. Our findings indicate that the effectiveness of a binder to retain S. latissima gametophytes onto cultiva-
tion rope, measured by the sporophyte density, was comparable for all binder types in the high flow velocity (15 cm s
treatments, including the non-binder control treatment. Sporophyte densities were highest in the low flow velocities (0 and
5 cm s~!) in the absence of a binder compared to all other treatment combinations. In conclusion, our results highlight that the
effectiveness of binder assisted seeding of kelp propagules did not differ between the binder and non-binder treatments and
was unaffected by flow velocities for the binder treatments. These findings are important in the development of novel meth-
ods and further optimisation of existing binder-based methods aimed at retaining seaweed propagules onto cultivation rope.
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Introduction

Kelps are a group of brown seaweeds of the order Lami-
nariales (Phaeophyceae) and of high global ecological and
economic importance (Steneck et al. 2002; Bennett et al.
2015; Chopin and Tacon 2021). Cultivated kelp is used as
food (Hu et al. 2021), feed (Troell et al. 2006; Correa et al.
2016), bioactive compounds (Holdt and Kraan 2011; Peteiro
2018), or as extractive component in integrated multi-trophic
aquaculture systems (Chopin et al. 2001). Historically kelp
aquaculture was primarily in Asia, but there is increasing
interest globally (Naylor et al. 2021). Compared to terrestrial
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crop production, kelp cultivation uses little or no freshwater,
arable land, fertiliser, or pesticides. Hence it has become
attractive production system in “non-traditional” regions of
production, including North America, Australia, and Europe
(Stévant et al. 2017; Kim et al. 2019; Kelly 2020).

In traditional kelp (e.g., Saccharina latissima) maricul-
ture, thin twine is inoculated with either zoospores or game-
tophytes and cultured for several weeks or months during
an indoor hatchery phase (Camus and Buschmann 2017; Su
et al. 2017, Forbord et al. 2018). The thin twine with small
(> 1 mm) sporophytes are then transplanted into field culti-
vation sites and typically left to grow during winter months
after which they are harvested in spring/early summer (Visch
et al. 2020). Preparing juvenile sporophytes for transplanta-
tion includes several cultivation-steps in the laboratory (For-
bord et al. 2018) and is a relatively time and labour intensive
method. To overcome some of these challenges, seeding
methods at the cultivation site are being developed (Sioen
Industries 2013; Kerrison et al. 2018). The in situ adhesion
of microscopic propagules (i.e. gametophytes, embryonic
sporophytes, or a mixture of both) onto specifically designed
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substrates using binders has been proposed as an alternative
to conventional methods in kelp cultivation, aimed at sav-
ing resources while increasing productivity (Kerrison et al.
2018). However, previous studies have highlighted that fur-
ther research and development is needed if these techniques
are to be applied more broadly (Kerrison et al. 2020; Uman-
zor et al. 2020).

The aim of this study was to test a different method of
applying S. latissima gametophytes onto ropes that can
be transplanted directly for at-sea cultivation without pre-
cultivation in the laboratory. We tested if and how well S.
latissima gametophytes adhere to cultivation ropes using two
binder types (agar and k-carrageenan) and application meth-
ods (separate or mixed) under two ecologically relevant flow
regimes (5 and 15 cm s™") and a control condition (0 cm s™!)
in a laboratory flume.

Material and methods
Gametophyte culture establishment

Non-fertile Saccharina latissima individuals were collected
at the Swedish west-coast (58.8363° N, 10.9963° E). Sorus
tissue was induced following the methods described in For-
bord et al. (2012). In short, tissue from non-fertile individu-
als was removed by cutting the blades approximately ~ 15 cm
above the junction of the stipe and blade. The remaining non-
fertile thalli were cultured under flow-through conditions
for 10 weeks in~ 10 °C, white light conditions (~ 100 pmol
photons m~2 s~!) and short-day photoperiod (8 h light: 16 h
dark) provided by fluorescent tubes. Mature sorus tissue was
dissected out of the main thallus using a scalpel and sori
were thoroughly wiped clean with paper towel to remove any
epiphytes and debris then cleaned with paper towel soaked
in 10% bleach (v/v) and rinsed successively with autoclaved
seawater and kept overnight in the dark at 10 °C in damp
paper towel. Spores were released in autoclaved seawater
with half strength Provasoli’s enriched seawater (PES) and
kept in aerated glass flask (5 L) at 12 °C under red light
conditions and long-day photoperiod (16 h light: 8 h dark).
Under these conditions, the spores were allowed to develop
into gametophytes and vegetatively grown for > 6 months
with monthly medium changes (Bartsch 2018).

Binder preparation

Binders were prepared by mixing (1) agar or (2)
k-carrageenan with UV-treated filtered seawater (0.2 pm)
at a concentration of 0.3%. The mix was heated to boiling
in a microwave oven and allowed to cool to room tem-
perature under constant stirring and further cooled to the
experimental temperature (14—15 °C) before mixing the
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gametophytes or inoculating the rope. This experimental
temperature was chosen because the seeded lines with kelp
are typically deployed when the seawater temperature in
Swedish is approximately 14—15 °C. Before the start of the
experiment, S. latissima gametophyte culture was mixed
for 1 min in a kitchen blender. The concentration of game-
tophytes (defined as a few cells/filaments) was counted
under the microscope as follows: 10 pL of the blended
gametophyte solution was pipetted onto a microscope
slide, and with the aid of a light microscope (magnification
200x) all gametophytes of a transect within the field of
view were noted. There were 36,312 + 1,625 gametophytes
mL~! (mean + SE, n=8) in the gametophyte cultures used
in the experiment.

Rope preparation and binder application

Braided polyamide cultivation ropes (diameter 4 mm)
were cut into 50 cm sections and prepared by attaching
a labelled cable tie to one end and marking the centre
15 cm with a pen. Directly before deployment in the flume,
different binders and S. latissima gametophyte cultures
were applied onto each of five replicate ropes using three
different treatments. See the supplementary material for
an illustrative description of the rope preparation, binder
treatments, and experimental set-up in the flume. In the
first treatment, 1 mL binder solution was first evenly
applied over the marked 15 cm in the centre of the rope,
followed by application of 1 mL of gametophyte solution
on-top of the binder solution, and is referred to as “Agar”
or “Carrageenan”. In the second treatment, 1 mL each of
glue solution and 1 mL gametophyte culture was mixed
and then applied to the rope and is referred to as “Agar
mixed” or “Carrageenan mixed”. In the third treatment,
1 mL of gametophyte culture was applied onto the rope
without binder (controls), referred to as “No binder”. The
binder solutions and culture were applied using 1 mL
pipettes and were only applied on one side of the rope.

Flume and flow velocities

The ropes were exposed to three different flow velocities
(0, 5 and 15 cm s7) in the flume for 5 min. The flume was
filled to a depth of 20 cm with seawater of salinity 33.5 ppt
and the temperature was kept at 14—15 °C. The flow veloc-
ity was measured at z=10 cm above the slate flume floor
with an ADV (Nortek) at 25 Hz. The rope was mounted
horizontally (slightly tensed) at z=10 cm with the treated
part centred in the flume and with the treated side of the rope
facing upwards. The order of the binder treatments and flow
velocities were chosen randomly.
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Cultivation of rope in tanks

After exposure, the ropes were gently placed into transparent
flow-through cultivation tanks (W28 cm x D55 cm x H70
cm, ~ 100 L) where the gametophytes were left to fertilize
and resulting sporophytes grew for 4 weeks. The first 3 days
there was no aeration, after which the aeration was slowly
increased until the tanks were mildly aerated. The cultivation
condition in the tanks was UV-treated filtered natural sea-
water (0.2 pm) at 10 °C with cool white light (35-70 pmol
photons m~2 s~!) and long-day photoperiod (16 h light: 8 h
dark) provided from the side by fluorescence tubes. Every
two days the ropes were randomized within the cultivation
tank.

Sporophyte density measurements

After 4 weeks of cultivation in the tanks, the sporophyte
density on each of five replicate ropes was noted with the aid
of a stereo microscope and the mean was taken from three
1-cm sections of a standardized location: between 2-3 cm,
7-8 cm, and 12—-13 cm.

Statistical analysis

All statistical analyses were performed using R software
(Team RC 2018). The individual and interactive effects of
binder type (fixed factor, 5 levels) and flow speed (fixed
factor, 3 levels), with 5 replicate ropes per treatment com-
bination, were analysed for the sporophyte density and
statistically analysed with analysis of variance (ANOVA)
using the Im function. When significant, a Student—New-

bestNormalize package (Peterson 2017) and data was trans-
formed accordingly.

Results

The mean number of sporophytes growing on the rope was
significantly affected by the interactive effects of binder
type and flow speed (p =0.028), with significantly more
sporophytes when a binder was absent in low flow speeds
(0 and 5 cm s7) compared to the other binder treatments
(Fig. 1 and Table 1). The ‘No binder’ low flow speed (0
and 5 cm s”!) treatment combination resulted in a mean
sporophyte density of 44.3 cm™!, compared to a mean sporo-
phyte density of 27.0 cm™" in all other treatments combined.
No further differences were noted for the other treatments
(Fig. 1 and Table 1), this includes morphological and/or
developmental differences in cultured the sporophytes.

Table 1 Number of sporophytes. Summary of two-way ANOVA for
the main and interactive effect of binder type and flow speed on the
mean number of sporophytes per cm of inoculated line, followed by a
Student—-Newman—Keuls (SNK) post-hoc test

Source of variation df MS F-value p-value
Binder type 4 15.58 26.80 <0.001
Flow speed 2 391 6.73 0.001
Binder type x Flow speed 8 1.29 221 0.028
Residuals 210 0.58

SNK-tests:

Binder type: No binder > Agar = Agar mixed = Carrageenan =
Carrageenan mixed
Flow speed: 0cms™'=5cms™'>15cm s~

Interaction: No binder: Ocms™! !

=5cms'>15cms”

man—-Keuls (SNK) post hoc test (a=0.05) was performed, Agar: Ocms'=5cms!'=15cms™
. . . vod: -1_ —1_ -1
using the SNK.test function of the agricolae package (de égar mixed: %Cm 5_1—55““ ST 1155 ems
Mendiburu 2020). Data were checked for normality (Shap- arrageenan: ) oms _ oms B oms
) . o . Carrageenan mixed: Ocms™ =5cms™ =15cms
rio-Wilk test) and homoscedasticity (visually), and the best
suited normalizing transformation was estimated using the  Significant differences (p<0.05) are denoted in bold
Fig. 1 Mean number of sporo- a Flow speed
phytes cm™' on rope after being 50 BWocms!
exposed to thee flow regimes Q I5cmst
per binder type. The letters ° 15 cm st
indicate significant differences g 40 b
between mean values per binder by b be b
treatment and flow speed com- 'g 20 I I bc be I, bc
bination (SNK-test; p <0.05). 2 I .
Error bars show SEM (n=5) e I I c
@ =i
= 20 I
<
S
o
2
1) 10
0 |
No binder Agar Agar Carrageenan Carrageenan
Mixed Mixed
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Discussion

Our findings suggest that the effectiveness of a binder to
retain Saccharina latissima gametophytes onto cultivation
rope, measured by the sporophyte density, was compara-
ble in the high flow velocity (15 cm s™!) across all binder
treatments, including the non-binder control treatment. The
highest sporophyte densities were observed in relatively low
flow velocities (0 and 5 cm s™') in the absence of a binder.

Our results confirm previous studies that found relatively
poor growth of S. latissima after using the binder technique
in situ compared to traditional hatchery methods. Adherence of
sporophytes onto substrate was found problematic both in situ
(Forbord et al. 2020; Boderskov et al. 2021) as well as under
controlled laboratory conditions (Umanzor et al. 2020). Inter-
estingly, a Danish study found the binder method to be only
successful at the exposed site compared to more sheltered sites,
potentially confounded by fouling on the rope rather than a
lack of adherence at the sheltered sites (Boderskov et al. 2021).
Finally, Kerrison et al. (2018) found no difference between
the traditional hatchery seeding method and using a binder
to adhere juvenile sporophytes in situ. Taken together, these
results highlight that using currently available substrate and
binder combinations failed to yield reliable results. The suc-
cessful use of a binder to aid adherence of propagules in kelp
aquaculture is context dependent and partially determined by
the environmental conditions at the cultivation site.

A limitation of our study may be the transferability of a
controlled laboratory study with a limited exposure time into
areal-world scenario where binders are used in situ. However,
Kerrison et al. (2020) found a positive correlation between
density of S. latissima sporophytes on the cultivation line and
growth performance (i.e., yield) when gametophytes were
applied using a binder in situ. Thus, confirming the assump-
tion that higher sporophyte densities typically lead to higher
yield for this species. However, the inversed relationship (i.e.,
high density leads to reduced harvested biomass) was noted
for the kelp species Alaria esculenta (Kerrison et al. 2020).
Furthermore, we did not note any differences in sporophyte
morphology and/or development as a function of the binder.
Both Boderskov et al. (2021) and Forbord et al. (2020) found
delayed sporophyte growth when using a binder compared to
traditionally seeded string cultured in a hatchery. They hypoth-
esized that this could be because the juvenile sporophytes need
time to develop their holdfast for attachment when using a
binder, where the embryonic sporophytes are already attached
to substrate (i.e. string) in the traditional method. In addition,
we did not test the effect of substrate that may accompany and
further assist adherence of kelp propagules.

Thus far, most studies have focussed on a limited num-
ber of Atlantic kelps (i.e., S. latissima and A. esculenta).
Future work could focus on other commercially interesting
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species, that have different modes of adherence/settlement
depending on the life-stage compared to kelp or are not
traditionally cultured. For many of these species or life-
stages, adherence onto substate is a major challenge and
assisting them may proof beneficial for subsequent large-
scale cultivation at-sea. For example, the green species Ulva
(Steinhagen et al. 2021), Chaetomorpha (Gao et al. 2018),
Cladophora (de Paula Silva et al. 2008), the red species
Asparagopsis (Zhu et al. 2021) and Palmaria (Grote 2019),
or species of the order Fucales, such as Sargassum (Xie
et al. 2013), Phyllospora (Cumming et al. 2020), and Dur-
villaea (Velasquez et al. 2020). Furthermore, the use of a
binder can be helpful in seaweed restoration projects, where
propagules or seeded substrates may need assistance with
adherence when they are transplanted into areas with rela-
tively high flow rates or wave action (Morris et al. 2020).

In conclusion, our results highlight that the effective-
ness of binder assisted seeding of kelp propagules did not
differ between the binder and non-binder treatments and
was not affected by flow velocities in a controlled labora-
tory study. These findings are important in the develop-
ment of novel methods and further optimisation of existing
binder-based methods aimed at retaining seaweed prop-
agules onto cultivation rope.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10811-022-02860-6.
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