
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Albertus J. Smit,
University of the Western Cape,
South Africa

REVIEWED BY

Antoine De Ramon N’Yeurt,
University of the South Pacific, Fiji
Paul South,
Cawthron Institute, New Zealand

*CORRESPONDENCE

Nathalie R. Le François

NathalieRose.LeFrancois@montreal.ca

SPECIALTY SECTION

This article was submitted to
Marine Fisheries, Aquaculture and Living
Resources,
a section of the journal
Frontiers in Marine Science

RECEIVED 31 December 2022
ACCEPTED 27 March 2023

PUBLISHED 19 April 2023

CITATION

Le François NR, Tremblay-Gratton A,
Drouin-Johnson C, Prégent J,
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Front. Mar. Sci. 10:1135417.
doi: 10.3389/fmars.2023.1135417

COPYRIGHT

© 2023 Le François, Tremblay-Gratton,
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Nature-based coastal
restoration: Development of an
early-rearing production
protocol of sugar kelp
(Saccharina latissima Linnaeus)
for bottom planting activities in
the Gulf of St-Lawrence
(Québec, Canada)

Nathalie R. Le François1,2*, Anne Tremblay-Gratton2,
Charles Drouin-Johnson2, Jasmine Prégent3,
Marie-Pomme Presne-Poissant3, Jean-Christophe Boussin1,
Florence Piché-Lebel2 and Isabelle Gendron-Lemieux4

1Laboratoire de Physiologie et Aquaculture de la Conservation, Division des Collections Vivantes, de
la Conservation et de la Recherche, Biodôme de Montréal/Espace pour la vie, Montréal, QC, Canada,
2Institut de Recherche en Biologie Végétale, Montréal, QC, Canada, 3Société des Amis du Biodôme
de Montréal, Montréal, QC, Canada, 4École des Pêches et de l’Aquaculture du Québec, Grande-
Rivière, QC, Canada
Successful bottom planting of indigenous macroalgae Saccharina latissima

aimed at coastal restoration purposes require the mass production in

controlled conditions of strongly fixed, healthy sporophytes followed by

optimal transfer techniques in order to ensure viability and vigor of the young

seedlings about to be directly introduced in the coastal environment. Early

development of S. latissima submitted to different combinations of substrate

type (natural vs artificial brick-shaped substrate), gametophyte spraying method

(water-based vs binder-based) and water velocity (0.1 vs 0.2 m s-1) was evaluated

during a growth trial that lasted 42 days. Overall, all experimental groups (8 in

triplicate) reached the targeted length of 15 mm between 35-42 days post-

seeding. No strong indications that the proposed 2×2×2 factorial design

generated long lasting effects on growth and development indicators were

observed (thallus length, SGR and % coverage). The observation of no

persistent difference in the growth response of S. latissima under all

experimental conditions, demonstrates that it is well suited for mass

production of seedlings. Our results and evidenced-based practices led us to

conclude that the use of an artificial substrate in combination with a binder-

based gametophyte pulverization and the application of a velocity 0.2 m s-1

during early-growth could be adopted in a standardized protocol. We argue that

1) artificial substrates (uniform shape, stackable and rough surface) will most

likely allow better use of a vessel’s open deck space and adherence of the

developing holdfast; 2) the use of a binder may slow down the dehydration of the
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propagules and promote adhesiveness to the substrate during rearing, handling

and transfer operations and under varying flow rates or wave actions respectively

and 3) highest velocity should promote the selection of propagules with

strongest attachment and thus possibly limit post-transfer dislodgement. We

suggest further studies should 1) focus on identifying optimal gametophyte

concentration at the spraying step, in order to reduce production costs and

maximise productivity of seedling operations and 2) include biomass

determination (g of tissue per cm2) in combination to the semi-quantitative

density evaluation (% coverage) based on image-analysis, in order to improve our

global assessment of growth.
KEYWORDS
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Introduction

The coasts of the St-Lawrence estuary, the Magdalen Islands and

the Baie-des-Chaleurs region in Quebec, Canada, are among the areas

of the world most affected by coastal erosion due to climate change

(Slangen et al., 2014). Rise in sea level, more frequent storms, and

decrease or absence of ice cover during the winter season leaves these

coasts increasingly vulnerable to wave and tidal actions. Coastal

erosion is already well under way and many fragile sandy

environments are at risk of being severely eroded (Lajoie et al.,

2007; Bernatchez et al., 2008; Raby et al., 2008; Bernatchez and

Quintin, 2016). To protect coastal communities and infrastructures,

several engineering solutions have been applied around the world. In

Québec (Canada), depending on the location, recent restoration and

erosion control efforts have mainly focused on high investment

techniques like retaining wall, riprap, beach lowering, groyne, beach

fill with dune reconstruction and revegetation (Aubé, 2020).

However, engineering solutions are increasingly perceived as being

ecologically and economically unsustainable due to the inescapable

infrastructure maintenance needs over time (Hinkel et al., 2014).

More natural integrated and holistic approaches inspired by

conservation aquaculture techniques (eco-engineering) with proven

efficacy to create or restore disrupted natural habitat are warranted, in

place or in complement to artificial structures (Bouma et al., 2014;

Narayan et al., 2016; Morris et al., 2017). Benefits of nature-based

solutions are that these systems can adapt to changes in climate and

self-repair after major storm events (Gittman et al., 2014). In return,

additional ecological benefits in the selected habitats include

biodiversity enhancement (Temmerman et al., 2013).

Kelp forests can play a vital role by mitigating wave’s intensity

before they reach the coastline and by helping trap sediment on the

beach (Hynes et al., 2021). As discussed in Christie et al. (2003),

kelp forest not only mitigates the effect of climate change, but grows

into a rich and productive ecosystem that promotes coastal

biodiversity. Accordingly, kelp forests are sometimes called blue

green infrastructure (Deely and Hynes, 2020), and their ecological

services have been estimated to millions of dollars for each
02
kilometer of coastline (Eger et al., 2022). A downward trend in

the number of kelp forests in some regions of the world has already

occurred (Hynes et al., 2021). In Canada, British-Columbia and on

a lesser scale Nova Scotia and Québec, kelp restoration projects, in

response to the foreseen impacts of climate changes and observed

general declines, were evaluated (Merzouk and Johnson, 2011;

Tamigneaux and Johnson, 2016; Burek et al., 2018; Eger et al.,

2022). In Québec (Canada), algal assemblage of the subtidal zone is

dominated by Laminaria species (Alaria, Saccharina and Agarum

species) and contrary to many similar coastal ecosystems, spatial

expansion is largely dictated by ice scouring and uncontrolled

grazing by the sea urchin (Merzouk and Johnson, 2011;

Tamigneaux and Johnson, 2016). The Gulf of St-Lawrence is a

semi-enclosed sea, covering an area of 226 000 km2 also identified as

a biogeographical boundary between subarctic and boreal waters

and inclined to be the stage of large-scale environmental changes

brought about by climate changes that will be affecting distribution

of kelp beds significantly (Merzouk and Johnson, 2011).

Different techniques for seeding of kelps in the wild have been

developed and used for afforestation or restoration of kelp forests

ecosystems (Eger et al., 2022). Bottom planting techniques include

seeding kelp populations by settling mesh bags filled with fertile kelp

blades on the seafloor (see review by Westermeier et al., 2014) or

adding artificial reefs by introducing different new material to the

seabed, more recently material that is similar to concrete (Bishop

et al., 2017). Transplanting of adult or juvenile kelps (Falace et al.,

2006; Fredriksen et al., 2020) are also shown to be applicable and one

of the most successful seaweed restoration programs was initiated by

the experimental transplanting of adult crayweed (Phyllospora

comosa), a brown macroalgae, in the Sydney Harbour area in

Australia (Campbell et al., 2014). Formerly extinct from the area,

these efforts gave rise to a complete recovery of the local population

within a single generation. However, transplanting adult kelps to the

seafloor remains financially limiting for large-scale projects (Eger

et al., 2022). More recently, green gravel technique was used along the

southern coast of Norway to restore kelp forest with confirmed

success. Spores of S. latissima were fixed on small rocks (⌀ 2-5 cm)
frontiersin.org
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and cultivated in tanks until they reached 2-3 cm of length. Rocks

were then simply dropped into the sea from the surface to 3-7 m

depths allowing the kelp to develop over 9 months with a high

survival rate and evidence that the gravel remained where delivered

(Fredriksen et al., 2020). Green gravel (a bottom planting approach)

as a potential vector of dispersal for kelp restoration, was

experimentally evaluated by Alsuwaiyan et al. (2022).

Our study was part of a large-scale nature-based solution

program to counter coastal erosion and contribute to the

restoration of natural kelp populations in various coastal regions

of Québec, Canada. The project, supported by the Coastal

Restoration Fund (Fisheries and Oceans, Canada), proposed the

implementation of an experimental kelp seeding program in the

natural environment as a coastal restoration strategy, based on the

cultured production and introduction of seedlings of indigenous

kelp species fixed on brick-sized rocky substrates in preselected

areas at sea. The proposed approach also provides an ecosystemic

enhancement measure to increase the representativeness of marine

exhibits on display in large aquariums (Le François et al., 2015;

Tremblay-Gratton et al., 2018) mainly by the creation of

microhabitats and display of natural behaviors such as feeding,

reproduction and hiding.

Based on different attributes, considered indigenous kelp

species for our trials were: Saccharina latissima (Laminariaceae),

Saccorhiza dermatodea, Agarum clathratum (Phaeophyceae) and

Alaria esculenta (Alariaceae). This study focused on the production

of the sugar kelp, Saccharina latissimi based on: 1) the availability of

well-developed and simple culture protocols (Tamigneaux et al.,

2014; Kerrison et al., 2020; Solvang et al., 2021); 2) their

predominance in the areas of Québec targeted for coastal

restoration efforts (Tamigneaux and Johnson, 2016); 3) high

growth rate (Reid et al., 2013); 4) well developed holdfast

securing anchoring (Kerrison et al., 2019); 5) strong potential as a

candidate species for aquaculture diversification in the North

Atlantic (Tamigneaux and Johnson, 2016; Forbord et al., 2018;

Visch et al., 2020) and 6) provision of substantial ecosystem services

(Hasselström et al., 2018; Grebe et al., 2019; Boderskov et al., 2021;

Picard et al., 2022).

Sugar kelp is generally found on rocky substrates and

distributed intermittently on the North East coast and West coast

of the Atlantic Ocean as well as in the northern Pacific Ocean at

average depths between 8-30 meters (Brijesh and Troy, 2015). This

seaweed has a heteromorphic life cycle that alternates between a

microscopic gametophyte phase and a macroscopic sporophyte

phase. The sporophyte releases spores that grow into male and

female gametophytes that in turn will produce gametes. After

fertilization, the resulting embryonic sporophyte will settle on a

substrate and grow into a sporophyte (Pearson et al., 2019). S.

latissima grows best at 10-15°C and salinities ranging from 23 and

up to 31 PSU (Werner et al., 2003 in Bruton et al., 2009; Peteiro and

Freire, 2013).

Water velocity is known to influence and promote growth and

biomass yield of Laminaria by reducing the size of the diffusion

boundary layer at the blade surface thus facilitating the molecular

diffusion exchange process and nutrient uptake (Hurd, 2000;

Hepburn et al., 2007). In a field-based study Peteiro and Freire
Frontiers in Marine Science 03
(2013) demonstrated that a water velocity up to 0.3 m s-1 resulted in

a higher biomass yield (16 kg per meter of ropes) of S. latissima 2

mm seedlings, compared to a less exposed natural site with less than

≤ 0.1 m s-1 (12 kg per meter of ropes). In a laboratory-based study,

Peteiro et al. (2019) designed an experiment to find the optimal

water velocity for growth of Undaria pinnatifida on strings, from 2

to 8.5 mm seedlings, and found that optimal water velocity lied

between 0.158-0.171 m s-1 beyond which growth rate declined.

Based on this, we hypothesized that water velocity could also affect

the early growth of the seedlings.

Sugar kelp seeding methods were first developed to meet the

requirements and constraints of the aquaculture sector. Spores or

gametophytes are usually seeded on ropes and then cultured in a

controlled environment weeks before deployment at sea or, more

recently, directly seeded with a binder just before deployment based

on the premise that the high viscosity of the product would prevent

the sporophytes from being washed away before the holdfast would

attach to gametophyte-seeded twine or ropes (Forbord et al., 2020;

Fredriksen et al., 2020; Visch et al., 2023) and that it could

potentially protect the gametophytes from dehydration during

transfer operations (Lemoine and Lemaire, 2019). This method

could potentially decrease the time and cost associated with culture

of sporophytes in controlled environments. To our knowledge, the

efficiency of binders to promote attachment of gametophytes to

rocky substrates has not yet been tested in the sugar kelp production

cycle. Binder use was however studied for seeding of juvenile

sporophytes of S. latissima into textile and twine substrates (≤

1mm sporophytes: Kerrison et al., 2018; 2020) with contrasting

results. Furthermore, in comparison to a natural rocky substrate, an

artificial substrate that is evenly shaped and stackable should reduce

storage footprint on small size workboats in comparison to natural

shaped substrate. Surface roughness can be modified on the former

to provide a better surface/texture for gametophyte fixation and for

the development of the holdfast and the persistence of young

seedlings in real-life conditions (Kerrison et al., 2019). To our

knowledge, this is the first study to evaluate brick-shaped artificial

substrate for kelp restoration and erosion defense purposes.

The objective of our study was to evaluate the effect and

interactions of gametophyte spraying method (with and without

binder), flow velocity (moderate = 0.1 m s-1 and strong = 0.2 m s-

1) and substrate (natural and artificial) on the early growth of S.

latissima sporophytes (target length of 15 mm) under predetermined

conditions of light intensity, spectral composition, photoperiod,

temperature, pH, salinity and nutrients. Our results should

contribute to the development of optimized production and

transfer protocols aimed primarily at large-scale natural population

restoration activities at sea that could improve defense against

erosion locally.
Materials and methods

Preparation of gametophyte culture

Mature individuals of S. latissima with visible sori were collected

by divers at 5-10 meters depths in the fall 2017 on the coastline of
frontiersin.org
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Grande-Rivière, QC, Canada (Pointe Verte, Anse du Loup 48°

23’26”N 64°29’20”W). Gametophytes were obtained according to a

production protocol aimed at providing seedlings for commercial

production of kelp at sea (Tamigneaux et al., 2013). More precisely,

the sori tissues of the kelps were cut and brushed with brown paper to

remove epiphytes. The sori samples were then disinfected in three

successive baths of autoclaved seawater at 30 mg L-1 sodium

hypochlorite for 2 minutes, 1 mg L-1 germanium oxide (GeO2) for

2 minutes and lastly 1 mg L-1 GeO for another 2 minutes. Following

disinfection, the sori were brushed again with brown paper to remove

the excess water and placed between two layers of laboratory brown

paper towel in the dark at 10°C for 17 hours. Then they were

rehydrated in filtered autoclaved seawater with mechanical

agitation to induce spore release and observed with an optical

microscope in search of mobile spores (method inspired by Pang

and Lüning, 2004). After filtering the liquid twice at 250 μm, once at

100 μm and twice at 60 μm to remove debris and colloids that were

released with the spores, the filtrate containing the spores was poured

in 2 L round bottom flasks containing 1.5 L autoclaved seawater with

2 ml L-1 Miquel A, 1 ml L-1 Miquel B, 0.2 ml L-1 Fritz Aquatics Part A

and B each (F/2 Algae Food, Fritz Aquatics, TX, USA) and 1mg L-1 of

GeO2. Gametophyte production was induced by controlling

temperature and light regime. The gametophyte solutions were

kept at 10 °C under constant red fluorescent light (20 μmol m-2 s
-1) to maintain them in an immature vegetative state until they were

sprayed on experimental substrates. When the first germination tubes

were visible, aeration (filtered at 0.45 μm) was added to the culture

flasks using small aquarium air pumps (Marina). The nutrient

solution (Fritz Aquatics Part A and B at 0.2 ml L-1 each) was

replenished every two weeks and GeO2 (1 mg L-1) was added only

when diatoms were observed.
Seeding of gametophytes on substrate

Artificial substrates produced under the supervision of

CERMIN (Centre de recherche sur les milieux insulaires et

maritimes) were made of dredged-sand and cement in a brick-

shape of approximately 25 x 16 x 7 cm with a textured surface of 400

cm2. In addition, three 0.5 cm groves were shaped on the exposed

top surface of each brick to add relief/irregularities to the otherwise

flat and rough surface generated by the fabrication process (equal

depth and distance in-between). Natural substrates were natural

rocks of variable dimensions and surfaces (181-431 cm2) with a

smooth surface. All substrates were cleaned with an ecological

neutral quaternary ammonium disinfectant cleaner (EKO-QUAT,

DIN: 02423391, Lalema inc., Montreal, QC, Canada) then rinsed

with fresh water at least three times and kept at 10°C for 3 days

preceding gametophyte spraying operations. Experimental tanks

were also cleaned using the same product, then rinsed at least three

times with fresh water. A 48-hour soaking period with fresh water

and the addition of bleach (NaClO) (6%) was made in order to clean

the filtration system pipes (biofilters, UV filters, coolers). The tanks

were rinsed with plenty of water 24 hours before the beginning of

the trials. Artificial seawater (Crystal Sea Bioassay formula, Marine
Frontiers in Marine Science 04
Enterprise inc., Baltimore, MD, USA) was produced to reach 27.5

PSU that resulted in the pH range of pH 8.0.

Ten days before spraying gametophyte cultures on the

substrates, they were fragmented with a mixer at maximum speed

for one minute to help trigger gametogenesis, increase the quantity

of oocytes and prevent the filaments from blocking the sprayer. In

between uses the mixer was washed with soap and disinfected with

chlorine (200 ppm for one hour), rinsed and dried. The detachable

metallic pieces were autoclaved (121°C for 30 min). Once

fragmented, the gametophyte cultures were placed in a culture

chamber at 10°C, illuminated under white light: 40 mmol photons

m-2 s-1, 10:14 (L:D) for 10 days. Gametophyte cultures were then

filtered with a nylon mesh filter screen (Nitex)(Dynamic Aqua

Supply Ltd., Canada, Product no. NTX60) (60 μm × 60μm pore

size) and the underside of the filter was patted with a paper towel to

remove excess water before weighing.

One natural seawater solution and one natural seawater

solution with the addition of binder AlgaeBinder (AtSeaNova inc.,

Ronse, Belgiuum) was prepared. The binder solution consisted of

2.5g of binder powder mixed with a cement mixer in 500 ml of

seawater. In both solutions, gametophytes with visible oocytes were

added at a concentration of 5.6 ×10-3 g·cm-2 equivalent to 2 g in

total for artificial substrates and 1 to 2 g for natural substrates

depending on their total surface (Lemoine and Lemaire, 2019).

Gametophytes were sprayed evenly on substrates June 5, 2018, the

first day of the trial at the laboratory of the Biodôme de Montréal

(Montreal, QC, Canada) (Figure 1). A pressurized spray bottle

system was used and the substrates were kept at 10°C for 10 minutes

to allow them to dry before their direct transfer into the tanks.
Experimental design

Six polyethylene tanks (135 L) were operated as independent

closed systems, each equipped with canister filters (Fluval 306) and a

UV unit (Turbo-Twist. 6x, 18 Watt) connected to a water chiller (1/2

HP). The experiment was conducted following a split-split plot

design with water velocity (0.1 and 0.2 m s-1) as main plot (A),

substrate (natural and artificial) as subplot (B) and fixation method

for gametophyte (seawater with and without the binder/binder) as

sub-subplot C for a total of 8 treatments. Each tank featured one

water velocity in which substrate and fixation methods combinations

were randomly distributed. The experiment was conducted in

triplicates (see Figure 2 experimental design). Once a week, one

third of the water of each tank was renewed with fresh artificial

seawater (as previously detailed), followed by an addition of nutrient

solution in each tank with 0.2 ml L-1 Fritz Aquatics Part A and B. The

addition of 1 ml of a stock solution of GeO2 at 1 g L
-1 was done at the

beginning of the experiment to reduce the risk of diatom growth

(Shea and Chopin, 2007; Steinhagen et al., 2022). The experiment was

carried out for 42 days post gametophyte seeding. A slight and short-

lived variability of unknown cause affecting the culture parameters

(temperature, pH and salinity) was observed among tanks between

days 35-42. As it remained in the optimal threshold developmental

stages of the species (pH 7.6 - 8; Redmond, 2013; 26-29 ppm, 8-15°C;
frontiersin.org
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Monteiro et al., 2021) data was treated and presented as

previously described.
Experimental conditions

Each tank had two circulation pumps (Turbelle Nanostream

6095, Tunze Aquarientechnik GMBH, Penzberg, Germany)

installed at mid-height in opposite inner corners of the tank

which maintained a continuous and circular flow. Pumps were

started on day 2 of the experiment. For moderate and strong water

velocity treatments, pumps were maintained at a horizontal water

velocity of 0.05 and 0.1 m s-1 until day 4 and then adjusted to 0.1

and 0.2 m-1 respectively. Horizontal water velocity was measured

each day, 1 cm above the center of each substrate, with an

electromagnetic propeller anemometer (MiniWater20) combined
Frontiers in Marine Science 05
with a MC20 velocity sensor (22 mm internal diameter and 0.03-10

m s-1 sensitivity range) (Schiltknecht, Switzerland).

Photoperiod was 12:12 (L:D) supplied with LED lamps (Hydra

26 HD Series, Aqua Illumination inc., Bethlehem, PA, USA),

suspended above each tank. Photosynthetically active radiation

(PAR) light intensity was measured at the center of the bottom of

the tanks with a light meter and an underwater quantum sensor (LI-

250A and LI-192SA, LI-COR inc. NE, USA) and adjusted once a

week with increasing PAR irradiance mean value of 60, 100, 150,

175 mmol photons m−2 s−1 at week 1, 2, 3, 4 and 200 mmol photons

m−2 s−1 at week 5 and 6 respectively. Light spectrum included royal

blue, blue, green and white light (Table 1).

Experimental temperature until day 42, i.e 10°C (9.9 ± 0.4°C)

was monitored four times per day with a mercury thermometer.

The pH was automatically monitored and adjusted every 10

minutes with an aquarium controller (Profilux Aquatic Bus 4,
B

C D

A

FIGURE 1

Natural rock sprayed with water (A) and with binder (B), artificial rock sprayed with water (C) and with binder (D) prior to trials.
FIGURE 2

Experimental design during the trials where (A) is either natural (A1) or artificial (A2) substrate; (B) is moderate 0.1 m s-1 (B1) or elevated 0.2 m s-1

(B2) water velocity and (C) is a spraying technique with (C1) or without (C2) binder. Both levels of each factor are distributed randomly amongst
the 6 tanks and are represented in each block, n = 3.
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GHL, Germany) and the mean value was 8.01 ± 0.1 until day 42.

This module was connected to six pH electrodes (Aquatronica,

ACQ310N-PH), whose base soaked into the water of each tank. An

acid solution, H2SO4 [0.1 mol L-1], or a base solution, NaOH [0.2

mol L-1], was injected as needed via a peristaltic pump in each tank.

No CO2 injection was performed during the trials. Salinity during

the trials was maintained between 26 and 28 PSU and had a mean

value of 27.29 ± 0.24 ppm.
Percentage coverage, frond length and
specific growth rate

Weekly percentage of coverage (also referred to density) and

thallus lengths were analysed at a two-day interval. For density

analysis, pictures of each substrate were taken on days (D) 16, 23

and 37 at a fixed distance with an immersible GoPro camera (Hero

4, San Mateo, CA, USA). The images were processed and analyzed

with the ImageJ software (2013 version). Pixel threshold range was

manually set to segment grayscale (8-bit type) images into entities

of interest. The background was removed from the image to

preserve the substrate area for analysis using the Elliptical

Selection plugin. Then, minimum size and maximum pixel area

were set to automatically calculate the percentage of seedling

coverage on each segmented image with the Analyze

Particles plugin.

For analysis of thallus lengths, seedlings from three different

areas of each substrate were randomly sampled with a transfer

pipette weekly starting from day 14 as the sporophytes stage was

initiated. Thirty fronds randomly chosen were measured for each

substrate, each week (D14, D21, D28, D35 and D42). Thallus were

measured the same day of collection or kept in 50 ml Eppendorfs in

a thermostatic chamber at 10°C away from light, to be measured the

next day . Length measurements were made using a

stereomicroscope (MEIJI Techno, Japan) at ×64 magnification,

paired with a camera (Moticam 5+, 5.0 MP and Motic Image

Plus software).

Specific growth rate (SGR) was calculated at different periods

during the growth trials using the following formula, from Kim et al.
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(2007) and Yong et al. (2013).

SGR   ( % day−1) =
ln(Lt) −   ln(L0)

t
  x   100

Where L0 and Lt (μm) are the length at initial and final days

during a culture period (t = days), respectively.
Statistical analysis

All statistical analyses were performed with R (version 3.5.2,

CRAN, Vienna Austria) statistical software. Data are expressed as

means ± standard deviations (SD). Normal distribution and

homoscedasticity of density and seedling length were visually

assessed and verified with a Shapiro Wilk’s test, and data on

density at day 37 were transformed with the box cox function

(lambda = 0.8) of the MASS package (Venables and Ripley, 2002).

Transformed data were analyzed but original data are presented.

The effect of the interactions between independent variables on

seedling length and density was analyzed in a mixed model with

random block factor (n = 3) and fixed factors substrate (A), water

velocity (B), and fixation method (C) at each day as per Gomez and

Gomez (1984) with the aov function of the dplyr package (Wickham

et al., 2022). Tukey’s Honest Significance Test (HSD) was used as a

post hoc multiple comparison test and degrees of freedom were

adjusted with the Kenward-Roger method.
Results

Density

On D16, the statistical model detected a significant interaction

between water velocity and the fixation method (p = 0.0490).

Although the post hoc test then revealed no significant interaction

between those factors, combinations of the use of a binder and

higher velocity, and water fixation method with moderate water

velocity yielded respectively 1.5-fold (49.7 ± 26.1%, p > 0.05), and

1.9-fold (63.4 ± 18.1%, p = 0.069) greater densities compared to the
TABLE 1 Percentage of each light spectrum (%) that was programmed for the LED lamps and total PAR irradiance (mmol photons m−2 s−1) that was
recorded at the bottom of the tanks.

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

UV 0 0 0 0 0 0

Violet 0 0 0 0 0 0

Royal blue 13 17 25 31 40 40

Blue 14 19 28 30 40 40

Green 15 18 30 31 40 40

Deep red 0 0 0 0 0 0

White 15 38 74 84 100 100

Total light
Intensity 60 100 150 175 200 200
fron
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use of a binder in a moderate water velocity (32.9 ± 22.2%)

(Figure 3A). At D23, there was a significant interaction between

all three factors on thallus density (p = 0.0103). When artificial

substrate was used and water velocity was moderate, the water

fixation method (A2B1C1) yielded a significantly higher mean

density than with the addition of a binder (A2B1C2) (74.00 ±

16.42% vs. 39.65 ± 20.87% respectively, p = 0.0334) (Figure 3B).

These treatments also have the highest and the smallest density

values respectively (Figure 4). A significant effect of substrate was

observed at D37 (p = 0.0085), but post hoc tests revealed no

significant differences between groups and mean density was

95.17 ± 8.44% (Figure 3C) on the final day of density evaluation.
Thallus length

On D14, a significant interaction of water velocity and fixation

method on thallus length was observed (p = 0.042), as well as

substrate and spraying technique (p< 0.001). Specifically, water

velocity did not affect thallus length when combined with the use of

a binder (mean of 127.81 ± 28.67 μm), but did when combined with

water spray and yielded significantly higher thallus lengths with

elevated water velocity (B2C1, 163.02 ± 54.85 μm, p = 0.007)

compared to medium water velocity (B1C1, 145.80 ± 41.55 μm)

(Figure 5A). Water spray yielded a greater seedling length than

binder spray when combined with natural substrate (154.9 ± 47.9

vs. 132.8 ± 55.4 μm respectively, p<0.001) and artificial substrates

(153.9 ± 56.9 vs. 124.3 ± 47.1 μm respectively, p< 0.001) (Figure 5B).

At D21, there was a significant interaction between all three

factors on thallus length (p< 0.001). Stronger velocity in general

tends to result in longer thallus, as the mean thallus length was

between 825.77 and 947.63 μm with strong velocity and between

743.18 and 821.81 μm with medium velocity. However, statistical

analysis is more nuanced as the tendency is only accurate for a few

combinations of treatments. For example, the combination of

artificial substrate\binder yielded longer thallus when exposed to

high water velocity (946.24 ± 279.04 μm) than when exposed to

medium water velocity (743.18 ± 232.35 μm, p< 0.001). The

combination of natural substrate\water spray also gave

significantly higher thallus length when combined with strong

water velocity (947.63 ± 309.85 μm; highest length value) then
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with medium water velocity (746.81 ± 201.26 μm, p =

0.001) (Table 2).

At D28, a significant interaction of water velocity and substrate

on the thallus length was observed (p = 0.017). Water velocity had a

significant effect on the length of the thallus cultured on artificial

substrate where they were significantly longer under strong velocity

(2437.85 ± 577.36 μm, p< 0.001) then under moderate velocity

(2193.67 ± 446.56 μm) (p = 0.0004) (Figure 6). Also, the

combination of artificial substrate with moderate velocity

(2193.67 ± 446.56μm) yielded significantly smaller thallus length

compared with natural substrate and higher velocity (2365.24 ±

559.22μm) at day 28 (p = 0.023). All three factors did not have a

significant impact on the thallus length at D35. The average thallus

length was 4821.65 ± 1472.53 μm (p > 0.05).

On the final day (D42), two pairwise interactions between water

velocity and substrate (p< 0.001), and water velocity and fixation

method (p = 0.020) displayed significant effects on thallus length.

Post hoc analysis revealed that significantly longer fronds were

obtained on natural substrate with moderate water velocity (A1B1,

18 938.89 ± 6 179.31μm) compared to elevated water velocity

(A1B2, 16 355.56 ± 5 506.24μm) (p< 0.0001), and when a binder

was used with moderate (B1C2, 18 166.67 ± 5 674.54μm) compared

to elevated (B2C2, 16 000 ± 5 289.49μm) water velocity (p = 0.001).

The correlation between densities and frond lengths within each

group was evaluated but remained insignificant (p > 0.05).
Specific growth rate

Specific growth rates (SGR) in terms of daily percentage growth

of fronds were first evaluated every 7 days after day 14 (D14-21,

D21-28, D28-35, D35-42). Main factors seemed to only affect

growth during the first (D14-21) and last (D35-42)7 days where

interactions of all three parameters (p=0.013) and of water velocity

and substrate (p = 0.028) were detected at both periods respectively.

For D14-21, post hoc tests failed to identify significant differences

between groups. For final SGR values (D35-42), moderate water

velocity and natural substrate yielded significantly greater growth

(A1B1, average, 21.1 ± 0.03% day-1) compared to groups reared on

artificial substrate in both elevated (A2B2, average, 17.0 ± 0.02%

day-1, p = 0.003) and moderate (A2B1, average, 16.9 ± 0.02% day-1,
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FIGURE 3

Seedling density (%) of S. latissima (means ± SD) on day 16 (A), 23 (B) and 37 (C) cultured on different substrate (A1: Natural; A2: Artificial), water
velocity (B1: 0.1 m s-1; B2: 0.2 m s-1) and spraying technique (C1: water; C2: water+binder); bars with different letters are significantly different (p<
0.05), n = 3.
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p=0.003) water velocities (Figure 7). Average SGR D14-21, D-21-28,

D28-35 and D35-42 were 25.27 ± 2.84, 14.99 ± 3.34, 10.32 ± 2.31,

and 18.04 ± 2.66% day-1. To further evaluate the effect of the factors

on frond growth, SGR were calculated for the period where growth

appeared more pronounced; D14-35. During the D14-35 period,

fixation method had a significant effect (p = 0.007) on the growth of

S. latissima and specific growth rates were significantly higher with

the binder (C2, 17.46 ± 0.91% per day) than without (C1, 16.30 ±

0.96% per day) (Figure 8). Growth appeared somewhat steady

throughout the experiment as SGR measured at both periods

displayed similar values (D14-D35: 16.9 ± 0.01, days 35-42: 17.9

± 0.03). No effect of all factors was detected on overall growth

measured between D14 and D42.
Discussion

The addition of the binder at the gametophyte stage promoted

in our study proved efficient to support the attachment of the

propagules when at their most vulnerable stage. The binder product

was first added to the gametophyte solution to secure the rapid

transfer at sea and the development of the holdfast in order to

prevent dislodgement following transfer operations. Results showed

that early-on, at day 14, the use of the binder resulted in a 1.9-fold

smaller seedling density (or % coverage) on both substrates. The

binder may have prevented an extension of the seedlings’ coverage
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on the substrate because they were more strongly fixed to their

original point. Later on, the elevated water velocity promoted a 1.5-

fold higher density coverage than the moderate velocity treatment.

Overall, the presence of the binder did not induce significant

differences in density, but its use is still recommended given our

needs of fast deployment at sea and the possible prevention,

according to Lemoine and Lemaire (2019) of gametophyte

desiccation between the time gametophytes are sprayed on the

substrates and the time the substrates are effectively launched at sea,

which could take several hours. To optimize efforts related to the

transfer of young seedlings from hatchery to sea and ultimately to

reduce time and cost in the hatchery, many studies tested the use of

a binder treatment (Kerrison et al., 2018; Kerrison et al., 2020;

Solvang et al., 2021; Visch et al., 2023). Many authors including

Forbord et al. (2020), strongly advocate the virtues of using a binder,

arguing that it is widely used by commercial farms and in research

projects and that it is 100× more space-efficient during the

laboratory phase of the production cycle as it promotes the

strength and resilience of the attachment to the substrate and

rapid deployment at sea (Xu et al., 2009; Forbord et al., 2018;

Kerrison et al., 2018); rendering the period of pre-growth of

seedling unnecessary. On the other hand, the efficiency and utility

of the binder to specifically promote biomass increases appears to

be inconclusive based on recent studies. For example, Kerrison et al.

(2018) and Kerrison et al. (2020) achieved opposite results with S.

latissima (sporophytes in suspension with or without binder) with
BA

FIGURE 4

Combination of factors on day 23 yielding highest density value (74.00 ± 16.42%, artificial substrate, moderate velocity, water spray, or A2B1C1) (A)
and smallest density value (39.65 ± 20.87%, artificial substrate, moderate velocity, binder spray, or A2B1C2) (B).
BA

FIGURE 5

Seedlings length (µm) of S. latissima (means ± SD) on day 14 according to the combination of spraying technique (water vs. binder) with water
velocity (0.1 m s-1 vs. 0.2 m s-1) (A), and with substrate (natural vs artificial) (B); bars with different letters are significantly different (p< 0.05), n = 6.
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no observable biomass differences. Visch et al. (2023), in a

controlled laboratory study, did not observe any effect on seeding

of kelp (S. latissima) propagules of a binder (agar and k-
carrageenan) nor an effect of flow velocity (0, 5 and 15 cm s-1)

for the binder treatments.

Substrate roughness and texture may also facilitate physical

entanglement and attachment of meiospores, gametophytes or

small sporophytes (65-1000 μm) and thus reduce their loss when

transfer at sea (Conitz et al., 2013; Kerrison et al., 2016; Kerrison

et al., 2018; Kerrison et al., 2020). Natural rocks used in this study

had irregularities but had overall a smoother surface than the

artificial rocks that were more concrete-like and that were shaped

with three groves to add more relief. Reliefs add surface area

compared to the natural rocks, to offer a variety of options to

facilitate holdfast adhesion (Fletcher and Callow, 1992). However,

this difference in roughness did not seem to have had an impact on

density throughout the experiment because the densities observed
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throughout the experiment were in general similar between the

natural and artificial rocks. We also promote the use of the artificial

substrate based on another criterion, the fact that their rectangular

shape allows them to be more easily stackable during transport

between the hatchery and the drop-off location at sea. We further

argue that the absence of differences in sporophyte density observed

between treatments in the later stages, could very well be linked to

the use of gametophyte seeding concentration in excess. This

assumption is based on Lemoine and Lemaire (2019) who used in

their trials 0.5 g, 1.0 and 2 g gametophytes per liter of seeding

solutions, and observed similar development at 0.5 g/L after 15 and

29 days of growth.

By analysing seedling’s length throughout the experiment, we

can see that the combination of factors had an effect on total length

in one way or another. On day 14 (first day of length data), the

presence of the binder might have had an inhibitory effect on the

beginning of the growth of the seedlings on both substrates because
TABLE 2 Seedlings length (µm) of S. latissima (means ± SD) according to substrate (Natural or Artificial, A), water velocity (0.1 m s-1 or 0.2 m s-1, B),
and spraying technique (water vs. binder, C) at day 14, 21, 28 and 35 of the experiment.

Substrate
(A)

Water velocity
(B)

Spraying technique
(C)

Mean (SD)
T42

T14 T21 T28 T35

Artificial

0.1 m s-1

Glue
120.06
(38.22)

743.18
(232.35)a

2180.33
(397.38)

4928.22
(1561.68)

16666,67
(4375.62)

Water
143.32
(42.35)

821.81
(290.24)ab

2207.00
(495.74)

4953.20
(1588.53)

15866.67
(5090.64)

Average
131.69
(40.29)

782.50
(261.30)

2193.67
(446.56)

4940.71
(1575.10)

16266.67
(4733.13)

Natural
Glue

134.96
(43.63)

778.34
(318.54)a

2226.59
(459.08)

4899.44
(1681.99)

19666.67
(6973.46)

Water
148.28
(40.76)

746.81
(201.26)a

2417.08
(554.62)

4294.44
(1396.02)

18211.11
(5385.15)

Average
141.62
(42.19)

762.57
(259.90)

2321.83
(506.85)

4596.94
(1539.01)

18938.89
(6179.31)

Average
136.66
(41.24)

772.53 (260.60)
2257.75
(476.70)

4768.83
(1557.06)

17602.78
(5456.22)

Artificial

0.2 m s-1

Glue
124.10
(46.81)

946.24
(279.04)b

2438.31
(572.36)

5001.52
(1533.79)

16600.00
(6048.12)

Water
164.53
(57.81)

825.77
(237.93)ab

2437.39
(582.36)

4942.71
(1283.73)

16188.89
(5120.78)

Average
144.32
(52.31)

886.01
(258.48)

2437.85
(577.36)

4972.12
(1408.76

16394.45
(5584.45)

Natural
Glue

132.10
(47.21)

828.63
(235.61)ab

2346.84
(547.08)

4844.93
(1380.47)

15400.00
(5122.76)

Water
161.52
(51.89)

947.63
(309.85)b

2383.63
(571.37)

4708.74
(1354.05)

17311.11
(5889.71)

Average
146.81
(49.55)

888.13
(272.73)

2365.24
(559.22)

4776.84
(1367.26)

16355.56
(5506.24)

Average
145.56
(50.93)

887.07 (265.61)
2401.54
(568.29)

4874.48
(1388.01)

16375.01
(5506.24)

Global Average
141.11
(46.08)

829.80
(263.10)

2329.65
(522.50)

4821.65
(1472.53)

16988.90
(5481.23)
Different letters presented at day 21 are significantly different from each other (p< 0.05), n = 30 for each day.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1135417
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Le François et al. 10.3389/fmars.2023.1135417
they were smaller compared to seedlings that had not been in

contact with a binder. When they exposed small sporophytes of 1-2

mm to binder, Kerrison et al. (2018) reported that the binder did

not have an impact on sporophyte growth, but in our case, it was the

gametophyte that contained oocytes that were exposed to it. The

addition of a high viscosity component could have restricted or

slowed down the emergence of the sporophytes. The seedlings that

were not in contact with a binder exhibited a higher length when

exposed to elevated water velocity, indicating that even at this early

stage, high current was probably favoring transport of nutrients

across the diffusion boundary layer. On days 21 and 28, all

sporophytes benefited significantly from the elevated water

velocity, regardless of the spraying method. This also suggests

that binder did not influence the growth of sporophytes from

about 700 μm (minimum average length on day 21). The effect of

water velocity in our study is consistent with other work that

suggested that increasing water velocity increases nutrient uptake
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and thus growth rate (Parker, 1981; Larned and Atkinson, 1997;

Kregting et al., 2008). Nanba et al. (2011) and Peteiro et al. (2016)

showed that sporophytes of the kelp U. pinnatifida and S. latissima

had a higher biomass yield when cultivated in coastal areas with

moderate to high water velocities than under low water velocity

conditions. Peteiro et al. (2019) reported that the growth rate of

seedlings of Undaria pinnatifida on strings in indoor tanks

increased with increasing water velocity until it reached a point

beyond which it started to decline. In our experiment we did not test

enough different water velocities to find the optimal for S. latissima,

but elevated velocity of 0.2 m s-1 still promoted longer seedlings, and

this value is even higher than the optimal water velocity for growth

of U. pinnatifida (0.158-0.171 m s-1).

On day 35, there were no more differences in length between

treatments (average value of 4821.65 ± 1472.53 μm) and on day 37,

there were no more differences in densities between treatments

(mean value of 95.17 ± 8.44%). At this point, the density has

reached a point where the sporophytes are in complete competition

for vital space, light and nutrients. To better evaluate the impact of

these factors on the time frame of the experiment, we may benefit

from a smaller gametophyte density on the substrates right from the

beginning. Various densities may be achieved by manipulating the

concentration of gametophytes or spores suspended in the media

for fixation as suggested in a study by Reed (1990). Finding the

optimal gametophyte density that allows the better growth rate until

the target length of 15 mm, under our environmental conditions,

would also favor the production of healthy sporophytes while

reducing the time and cost related to their production in

laboratory condition.

Complementary to density or % coverage measurement

evaluated by image analysis, biomass assessment would be

relevant to include because it would provide a better

understanding of the effect of the treatments on growth not only

spatial distribution. Peteiro et al. (2019) calculate biomass in terms

of dry biomass. Overall, the use of the imageJ software for density

analysis yielded data with a satisfactory degree of precision for the

preliminary evaluation of the relationship between the chosen

factors and the density of S. latissima during early developmental

stages. The main advantage of using the point counting method is

that it is systematically done, eliminating possible manual biases,

and is therefore more accurate. However, at some point of the

growth trial, this technique shows less discriminatory power

between treatment (when all the area is covered by the

developing sporophytes). Biomass evaluation under our

conditions, could provide better assessment since growth/

development could also be expressed in mass through frond

thickness and shape differences.

Production of small sporophytes of S. latissima for purposes of

coastal restoration and erosion defense goals was overall a success.

Some indications that substrate, binder and velocity treatment

interactions could affect thallus length were observed but no

overall effect on SGR could be detected. All combinations of

factors resulted in the initiation of sporophyte growth on day 14

after gametophyte spraying (24 days after switching to white light),

which was consistent with the observations of other authors (Flavin

et al., 2013; Fredriksen et al., 2020). In the present study,
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sporophytes had an average length of 4.8 ± 1.5 mm on day 35 and

on day 42, all treatments indicated that fronds reached the length

target of 15 mm, the average length was 16.99 ± 5.2 mm. Other

authors on S. latissima indicated a length of 2-4 mm after 35 days

(Peteiro et al., 2014) or 40 days (Flavin et al., 2013) prior to

launching at sea.
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Comité de concertation de la Baie-de-Gaspé, 145 p.
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Tamigneaux, É., and Johnson, L. E. (2016). Les Macroalgues du saint-Laurent: une
composante essentielle d’un écosystème marin unique et une ressource naturelle
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