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EXECUTIVE SUMMARY

This report has been commissioned by Argyll and Bute to determine the feasibility and
opportunities for establishing a seaweed cultivation industry in the region and the markets
potential growers could access. It does not cover the wild harvesting of seaweeds. As
highlighted in the Argyll and Bute Rural Deal and the MAXIMAR Science and Innovation Audit,
seaweed represents a new growth industry in the region. Seaweed cultivation as an industry
in Scotland is nascent, with only one company commercially cultivating seaweed (New Wave
Foods Ltd.), but others are establishing themselves in the rest of the UK (Islander Kelp Ltd,
Dorset Seaweeds and the Cornish Seaweed Company). The major driver for seaweed
cultivation in Scotland and Europe in the last 20 years has been for bioremediation of
aquaculture and marine biomass for bioenergy production. Interest in production is now
focused on food and higher value products markets. In order for the industry to move forward
in Argyll and Bute and for the economics to start to sift there needs to be innovation. This is
the same as any developing industry. Essentially the report describes the process of setting
up and running a seaweed farming business in Argyll and Bute from conception, cultivation,
processing to selling products to consumers. For each stage of the process the following
descriptions have been taken into account:

e Required activities and resources

o Available resources in Argyll and Bute
e Stakeholders

o Estimated costs

o Estimated timelines

e Other factors

In more depth the report details:

a. The current state of the global seaweed industry before focusing on opportunities in
Scotland. Scottish waters support the cultivation of kelp species (Laminaria sp., Alaria
esculenta and Saccharina latissima), and the steps required to successfully cultivate these
species are relatively well known. There are a variety of end markets, such as human food,
alginate production and additives for animal feed to name a few. It is likely that kelp species
are the most suitable species for cultivation during the initiation of the seaweed industry in
the Argyll and Bute region. But there may be opportunities for tank cultivation, when
combined with renewable energy supplies to reduce the costs of production, for species
difficult to line cultivate that have a higher end value.

b. The process of setting up a seaweed farm is detailed, covering the full cultivation cycle
from hatchery to out planting on a farm, to monitoring, harvesting and post-processing of
raw material. Various different designs of cultivation structures are presented, including
adapted mussel longlines, individual longlines, grid-based systems and offshore cultivation
rigs. The suitability of particular types of cultivation structure are influenced by the several
variables, such as the scale of the farm, the local environmental conditions and the types
of harvesting methods planned.

Seaweed Farming Feasibility Study for Argyll & Bute
02752_001, Issue 03, 05\12\2019 Page ii



imani

DEVELOPMENT
global vision, local knowledge

Commercial in Confidence

SSAMS (D

c. The consenting and policy regime for seaweed cultivation in Scotland is discussed,
providing a practical guide on the two types of lease required (a seabed lease from Crown
Estate Scotland and a license from Marine Scotland). The current Scottish Government
Policy on Seaweed Cultivation is examined, with each policy dissected so that individuals
can better understand the context of the policy and what consideration need to be made
when developing a cultivation site.

d. The potential environmental impacts of seaweed cultivation are summarised to provide a
context for how farm sites may affect the surrounding marine environment. Due to the
emergent nature of the industry, there is a lack of evidence on the potential impacts of
cultivation sites. The level of environmental impacts will be dependent on the scale of the
cultivation sites, with larger sites more likely to require more due diligence in terms of
environmental monitoring.

e. As highlighted in the report the suitability of a particular location for seaweed cultivation is
dictated by numerous factors, which can be separated into three broad groupings:

I.  Local environmental conditions e.g. temperature, light climate, waves
salinity, nutrient concentrations, depth;
II.  Existing uses and socio-economic context (e.g. fishing, boat traffic,
protected areas);
lll.  Operational considerations (e.g. landing point, onshore facilities. These will
be assessed in a later section).

f. A modelling exercise was undertaken, examining the first set of constraints, to produce a
map of potentially suitable areas for the establishment of seaweed farms in the Argyll and
Bute region. This showed that large areas of the Argyll and Bute region are potentially
suitable for establishing seaweed farms. The upper Firth of Lorn, west Mull, east Colonsay,
large parts of the Sound of Jura and to the east of Gigha emerge as candidate locations
on the west coast. In the Clyde Sea and Clyde sea lochs, large stretches of the Kintyre
coast and Loch Fyne appear as potentially suitable locations, as does the coastal area
around Bute. However, the potential influence of increased nutrients, and increased
phytoplankton levels on light availability may limit the usefulness of the eastern areas
compared with the west coast. Whether the positive influence of higher nutrient levels will
outweigh the negative influences of reduced light on production from seaweed farms is an
open question, and likely deserving of some limited growth trials.

g. Beyond the environmental constraints on seaweed farm location, developers should seek
to understand the socio-economic barriers that might constrain establishment of farms in
particular locations. The report explains the concept of social licence, the benefits for the
emergent seaweed industry in working towards social license for its activities. Social
license can empower communities to seek benefits from industries that have social and
environmental costs and provides a framework for industries to go beyond legal
compliance with environmental and social regulations. These costs can include the use of
space, environmental and visual degradation, and disruptions to normal social life. Social
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license can provide a useful framework for the seaweed industry to manage the social risk
of opposition to expansion, by developing communication and best practice strategies, and
for communities and other users of the marine environment to negotiate beyond
compliance behaviour from the industry. In terms of how seaweed cultivation can develop
in a sustainable manner, three prevailing narratives have emerged for the Argyll and Bute
region:

e Environmental sustainability as a priority;
o Global market focus supported by domestically-owned companies;
e Community benefits and local jobs as a priority.

h. An assessment of the business feasibility of seaweed cultivation in Argyll and Bute has
been undertaken, describing the emergent industry and exploring routes for its
development. The assessment has adopted a market system approach to identify the
business models best suited for development in the region aligned to level of investment
and return. This draws upon insights from consultation with both new and established
actors along the seaweed value chain, together with learning from wild harvesting and
comparator industries. Three key roles within the industry have been identified:

e Producer organisations, who cultivate the seaweed crop;

e Intermediary organisations, who provide services to support the producers
and to serve as a link to the market;

o End market/ off-taker.

i. The feasibility of these roles has been assessed and illustrated with case studies specific
for the Argyll and Bute region. The first case study uses South West Mull and lona
Development (SWMID) as an example of a community led producer organization. The
second examines a number of companies capable of providing various services in an
intermediary function. The third case study uses Davidson’s Animal Feed as an example
of an end market (that of seaweed as a feed supplement for livestock). These case studies
detail the activities that each type of organization will undertake, the resources currently
available to them within the region, the stakeholders for the type of operation, estimated
costs and timelines for their activities, and other factors pertinent to the success of their
operations. Each case study also includes general comments for consideration beyond the
case study organization.
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1. INTRODUCTION

1.1 Project Background

The Food and Agriculture Organisation of the United Nations (FAO) estimates the global
value of seaweed farming at 4.5 billion dollars, most of which happens in Southeast Asia. In
Scotland, seaweed farming is an emergent industry and in anticipation of future growth, the
Scottish Government recently published its Seaweed Cultivation Policy Statement. Given its
abundant natural resources and strategic position on the west coast of Scotland, Argyll and Bute
has the potential to become a hub for seaweed farming in Scotland and perhaps Europe.

Although the first trails for seaweed cultivation occurred in Scotland in 2004, this was only
at an experimental scale, and there are a number of unknown elements that are currently a barrier
to the realisation of that vision. Private investors do not have a clear picture of what is involved
in setting up a seaweed farm: the different stages, timelines, resources, and factors for viability.
At the same time, the public sector does not have a clear picture of the key infrastructure and
support that may be required to grow this industry. As a result, private and public investor
confidence is low, despite several enthusiastic businesses. In order to address some of these
unknowns, ABC commissioned SAMS Research Services Ltd. (SRSL) in November 2018 to
undertake a feasibility and guidance study for seaweed farming in Argyll and Bute to encourage
the development of seaweed farming in the region.

The desired outcomes for the feasibility study are threefold. Firstly, to provide sufficient
information to enable investors to make informed, confident decisions about investing in, setting
up and running seaweed farming businesses in Argyll and Bute. Secondly, to inform the public
sector about potential investment in suitable infrastructure and support for the growth of the
seaweed farming industry in Argyll and Bute. Finally, to enable local communities to investigate
the potential of seaweed farming to contribute to community-led development in their local area.

To achieve these outcomes, the following report has been produced. It contains a
summary of the seaweed cultivation sector to provide background to frame the possibilities for
the establishment of the industry within Argyll and Bute. The process of setting up a seaweed
farm is detailed, from the stages of conception, to farm design, species selection, consenting,
cultivation and harvesting, including discussion of social license, and environmental
considerations. Information has been provided on site selection criteria for favourable seaweed
farming sites within the Argyll and Bute area. Economic feasibility assessments have been made
for a variety of different seaweed farm types, with discussion of how variables such as the end
market will alter the cost structure and approach to cultivation. Case studies have been included
to demonstrate viable scenarios for seaweed cultivation within the Argyll and Bute area. Finally,
recommendations have been made for the key areas to be considered to aid the establishment
of Argyll and Bute as seaweed farming hub.
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1.2 Document Structure

This document has been structured so that specific areas of information are collated within
discrete chapters, the intention being that readers can focus on the sections that are most
relevant their needs.

Section 2 contains a review of the seaweed industry, covering areas such as what is
seaweed cultivation, what types of species can be grown, the cultivation cycle from hatchery to
farm and harvesting, end products and processing, and a summary of global, European and UK
markets.

Section 3 summarises the Scottish consenting and policy regime concerning seaweed
cultivation, and details the steps that any developer will need to undertake with regards to
consenting.

Section 4 examines the environmental constraints that govern selection of sites for
seaweed cultivation. It includes a mapping exercise to identify potentially suitable areas within
the Argyll and Bute region, and summarises other constraints that need to be considered when
selecting locations to establish seaweed farms.

The environmental impacts associated with seaweed farming are detailed within Section
5. These are dependent on the location and scale of cultivation, but should be considered at an
early stage when establishing a seaweed farm.

Social licence is discussed in Section 6, which defines the concept and explains how it is
relevant for seaweed cultivation, and how engaging with community groups can be a key factor
in the success of the sector.

Section 7 contains the business feasibly assessment, describing the emergent industry
and exploring routes for its development. Case studies that illustrate issues of commercial
feasibility are presented, along with indicative costings for setting up and running a commercial
seaweed farm. Areas for investment are discussed, including opportunities for economic
development, employment and training, and achieving community benefit and buy-in.
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2. REVIEW OF THE SEAWEED INDUSTRY

2.1 What is Seaweed Cultivation?

2.1.1 What are Seaweeds?

Marine macroalgae or seaweeds are photosynthetic organisms found in the sub- and
intertidal around the world, while not strictly part of the Plantae kingdom they are functionally very
similar and also known as marine plants. Seaweed are divided into three groups based on their
photosynthetic pigments: brown seaweeds (Phaeophyta), red seaweeds (Rhodophyta) and
green seaweeds (Chlorophyta). Only green seaweed are related to land plants. Brown and red
seaweeds evolved separately and use different light frequencies to grow. Brown seaweed are
the largest and most abundant seaweeds within British waters; kelp (Family: Laminariales) form
large subtidal forests and wracks cover large parts of the intertidal shoreline. Seaweed are
important ecosystem engineers through the provision of habitats for other species, coastal
protection and as a sink for blue carbon (Tang et al., 2011; Krumhans| & Scheibling 2012; Smale
et al., 2013; Bouma et al., 2014; Duarte et al., 2017). Wrack is the only seaweed currently
harvested on a large scale from the wild in Scotland. Over the last decade, kelp has increasingly
been the focus of research to develop cultivation methods in Scotland (e.g. SAMS, NAFC Marine
Centre and FAI Aquaculture Ltd.) and across the world).

Kelp species are suitable for cultivation at sea, they have the potential for high biomass
production and are commercially of interest for human food, biofuel production and the extraction
of valuable chemicals and bioactives. Red and green seaweed are also of commercial interest
for a variety of uses and can be grown at sea or in tanks on land.

2.1.2 Global Production of Seaweed

Seaweed has been utilised for centuries as a source of food and fertiliser due to its high
contents of macro- and micronutrients. More recently, many industrial applications have been
developed from seaweed including use as a thickening agent, energy production and bioactive
chemicals. Seaweed is cultivated in 50 countries with the majority of seaweed produced in Asia.
In 2012, Asian countries produced 95% of the global production (Capuzzo & Mckie, 2016). Global
production for aquatic plants (dominated by seaweed) grew in output volume from 13.5 Mt in
1995 to just over 30 Mt in 2016 (FAO, 2018; see Figure 1). The global seaweed market is
estimated to be worth €8.1 billion per year (Barbier et al., 2019).
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Figure 1. Global production of cultivated and wild harvested algae between 1950 and 2017 (from
FAO 2018).

2.1.2.1 European and UK Production of Seaweed
By 2050, the suggested value of the kelp industry is predicted to hit a turnover of 4 x 10°
Euro per year in Norway alone, with a production of 2 x 107 t per year through cultivation of mainly
kelp species (Broch et al., 2019). At a global level seaweed cultivation has been suggested to lie
between 10° to 10! t dry weight (dw) (Lehahn et al., 2016). In Europe, commercial production of
seaweed is, at current, predominantly from wild harvesting of brown seaweeds across Norway,
France, Ireland and the United Kingdom.

Seaweed cultivation has been the focus of research for over a decade with the aim to
create knowledge to support the development of the marine economy. To meet the increase in
demand there will have to be a considerable increase in commercial cultivation. Seaweed farms
on a pilot and small scale have been set up across Europe at research organisations and
increasingly by commercial companies or start-ups. It is difficult to get consistent data about
seaweed production, FAO provides volume estimates but these may be over- or underestimated
for European production (Barbier et al., 2019). Main species of interest for seaweed cultivation
on a large scale are Saccharina latissima and Alaria esculenta, but other species have also been
grown in trials and include Laminaria digitata, Sacchoriza polyschides, Laminaria hyperborea,
Ulva spp., Palmaria palmata and Osmundea pinnatifida (Kerrison et al., 2016; Barbier et al.,
2019).
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Currently in the UK there are a small number of commercial growers in Scotland, Northern
Ireland and the South Coast of England. There has also been the establishment of industry
organisation in both Scotland, Scottish Seaweed Industry Association (SSIA) and in Wales,
Seaweed Forum Wales. The largest European producer of seaweed in 2013 was C'Weed based
in Brittany, France, the company cultivates L. digitata and A. esculenta and harvests nori and
dulse (Organic Monitor, 2014).

2.1.2.2 Scottish Seaweed Production

The first seaweed cultivation trails took place in Scotland in 2004, with both S. latissimi
and P. palmata, investigating their potential as a form of bioremediation at the Calbha salmon
farm sites operated by Loch Duart on the North West Coast (Sanderson et al., 2012). At this
stage there were also questions being asked about the end use of the produced biomass. At the
time, with the environment of increasing oil prices, the potential of using the biomass for
bioenergy production, both in the form of biogas and bioethanol, was investigated (Hughes et al.,
2012). Initial cultivation trails relied heavily on Kuralon string which is used exclusively for
seaweed production in China. As this had to be imported through a single supplier in Europe, it
was difficult to get hold off and was expensive. Coupled to the fact that the line to be seeded was
manually wrapped onto a frame. Moving forward 15 years, the range of textiles used for seeding
line has now expanded (Kerrison et al., 2017) and line is being mechanically wound onto pipes
for seeding, saving both time and money. Cultivation at small scale in Scotland has taken place
as far south as Loch Fyne and as far north as Lewis and Shetland, with SAMS establishing their
first trail site based on a mussel cultivation system in the Sound of Kerrera in 2012 and a grid
system based at Port a Bhuiltin in 2014. It must be noted that the use of, and the diversification
of, unused aquaculture infrastructure and sites in Scotland represents a way of reducing initial
set up costs, again sifting the economics of production.

As already stated, the major driver for seaweed cultivation in Scotland and Europe in the
last 20 years has been for bioremediation of aquaculture and marine biomass for bioenergy
production. Interest now focuses on the food and higher value products markets. In order for the
industry to move forward in Argyll and Bute and for the economics to start to shift there needs to
be innovation. This is the same as any developing industry. But there are still new opportunities
coming through from aquaculture, which in terms of quantities of seaweed needed may initially
dwarf supply to other markets. For example, Mowi is currently trailing using kelp lines in their fish
cages to provide a more natural environment for clearer fish (https://mowiscotland.co.uk/wp-
content/uploads/2019/04/may-news-2019-optimised.pdf) and Integrated Multi-Trophic
Aquaculture (IMTA), including the use of seaweed in this context, is still of interest both at home
and internationally.

2.2 Species Selection

Seaweed are a diverse group of organisms with different growth rates and life cycles
dependent on the species and environmental conditions. In general, most seaweeds are able to
reproduce through sexual and asexual reproduction. In sexual reproduction new individuals are
formed from two different individuals through the fertilisation of an egg. Many seaweeds can also

Seaweed Farming Feasibility Study for Argyll & Bute
02752_001, Issue 03, 05\12\2019 Page 5


https://mowiscotland.co.uk/wp-content/uploads/2019/04/may-news-2019-optimised.pdf
https://mowiscotland.co.uk/wp-content/uploads/2019/04/may-news-2019-optimised.pdf

=oAM> (D

R

DEVELOPMENT
global vision, local knowledge

Commercial in Confidence

reproduce vegetatively, either through the release of vegetative spores or through growth of
fragmented blades.

2.21 Kelps (Saccharina latissima, Alaria esculenta, Laminaria digitata)

The group most widely known for cultivation are the kelps. The cultivation method for this
group was developed in China in the 1950s, for the species Saccharina japonica and Undaria
pinnatifida. In 2017 the industrial cultivation of these two species totalled 12.5 Mt, more than a
third of global seaweed production, and 10-fold more than all seaweed gathering from the wild
(FAO, 2018). These methods have since been adapted for the cultivation of European kelps.
Cultivation has been shown to be successful in L. digitata, A. esculenta and S. latissima. Each of
these species have different properties making them suitable for different markets.

2.2.1.1 Saccharina latissima; Common names: Sugar kelp, sea-belt

Sugar kelp is a fast growing species widely distributed across Europe (Portugal to
Norway) and the West Atlantic coast (Greenland to New Jersey). It has been the focus of many
collaborative research projects and is currently the most cultivated European seaweed (Figure
2). Commercial cultivation is known in Norway, Denmark, the Netherlands, France, Germany,
Portugal, Spain, Ireland, Scotland and the Faroes Islands. It has value as a food due to its sweet
taste from a high mannitol content. It can also taste metallic, whilst older material can be bitter. It
is related to the East Asian cultivated species S. japonica (Kombu), and so is marketed as Sweet
or Royal Kombu. It may have future value for chemical extraction/conversion, but this end market
has yet to be commercially realised.

Figure 2. Saccharina latissima. A) Collected from coastal Argyll; B) Cultivated on a longline
system at Kerrera seaweed farm, Argyll (SAMS operated)
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2.2.1.2 Alaria esculenta; Common names: Dabberlocks, Winged kelp

A. esculenta is another fast growing species. It is naturally found in exposed locations,
but will grow well in sheltered sites when cultivated (Figure 3). It is sensitive to high summer
temperatures, with a southern limit to its distribution in Brittany. This southern boundary of
distribution is expected to move northwards under future climate change scenarios. A. esculenta
is cultivated in Ireland, Scotland, Norway and the Faroe Islands. The more limited distribution of
the species means there is good potential for export to European markets. Its frond has a fresh
grassy taste, similar to the East Asia cultivated species U. pinnatifida (Wakame), and so is
sometimes marketed as Atlantic Wakame. The sporophyll bladelets near the holdfast and its
central midrib are tougher and have a stronger flavour.

A !

RN

Figure 3. Alaria esculenta. A) Collected from coastal Argyll; B) Cultivated on a dropper system
at Kerrera seaweed farm, Argyll (SAMS operated)

2.2.1.3 Laminaria digitata; Common names: Oarweed, Sea tangle
This species is the typical kelp bed species seen exposed at low tide. It has a similar
geographical distribution to S. latissima but has slower growth (Figure 4A). The species is
characterised by an extremely high iodine content, which can be reduced by boiling/blanching.
There currently appears to be less demand for the cultivation of this species, as it can be naturally
harvested. Despite this, L. digitata cultivation is currently being undertaken by Islander Kelp Ltd.,
in Northern Ireland, and it has previously been harvested in Scotland for its alginate content.

The closely related species L. hyperborea does not currently have a value for food (Figure
4B). It is very slow growing and has value as a source of high quality alginate. Both species are
also of interest for the extraction of microcrystalline cellulose for various industries including
printer ink and biodegradable polymer film.
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Figure 4. A) Laminaria digitata growing attached to rocks in coastal Argyll; B) The similar species
Laminaria hyperborea.

2.2.2 Other Species that may be Relevant in the Future

There is interest to cultivate other European seaweeds, although further research is
required to make their cultivation reliable. These species hold potential as future target species
for cultivation.

2.2.2.1 Porphyra/Pyropia spp.

This group encompasses a number of species that are found intertidally as thin
membranous sheets that range from red to dark purple in colour. They have a complex lifecycle,
requiring an expensive hatchery process, but are cultivated in East Asia to produce high value
nori sheets (Figure 5A). Despite the low biomass yield, over 2.5 Mt were produced in 2017.
Cultivation of this species may be possible in Europe and trials are underway in Norway, Ireland,
Portugal and Scotland (Figure 5B).

Figure 5. Porphyra spp. A) An example of cultivation in Wando, S Korea. B) Natural settlement
at the Kerrera seaweed farm, Argyll; growing as biofouling on the farm structure (SAMS operated)
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2.2.2.2 Palmaria palmata
Also known as dulse and dilisk, this red intertidal species is highly valued for food due to
its umami flavour. It is currently wild harvested across its distribution range, particularly in Ireland
and Scotland. Cultivation has been trialled since the 1980s (Figure 6), but there are still problems
with the control of the lifecycle making it unreliable. Research is underway in this area due to the
market demand. There is currently a developing relationship between SAMS and SRUC
investigating the domestication of this particular species.

Figure 6. Palmaria palmata cultivated in an integrated aquaculture system in Scotland (see
Sanderson, 2006).

2.2.2.3 Ulva spp.

This seaweed can be various shades of green, with a number of species that can be hard
to distinguish (Figure 7). It forms a thin sheet that fragments easily, and so it is not suitable for
open water cultivation, except possibly in very sheltered sites. Ulva can grow very quickly in high
nutrient conditions resulting in green tides. Tank cultivation is currently underway in southern
Europe and Israel.

Figure 7. Ulva spp. collected from the shore in coastal Scotland.
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2.2.2.4 Osmundea pinnatifida
This small red seaweed grows slowly in the low intertidal (Figure 8). It has a strong garlic-
like flavour and so has value as a condiment. It may also contain other bioactives with
pharmaceutical/nutraceutical applications. Cultivation is currently not possibly on seeded line but
is under development. Tank cultivation has been investigated at SAMS as part of a PhD
studentship funded by IBiolC and HIE. This method of cultivation seems to offer the best solution
for cultivating this particular species.

Figure 8. Osmundea pinnatifida. A) Growth on an intertidal rockface, Argyll; B) Growing as
biofouling after natural settlement on the Kerrera seaweed farm, Argyll (SAMS operated).

2.3 Cultivation Methods

2.3.1 Collection and Maintenance of Reproductive Material

Cultivation begins with the collection of fertile wild seaweed to provide a seeding stock.
For kelp species, collection is timed to coincide with spring low tides, when most seaweeds are
either exposed at the surface or are in very shallow water. Other species that are found higher in
the intertidal are available for collection more often.

The reproductive peak of many cultivated seaweed species occurs from autumn through
to early spring, when nutrient concentrations are high and temperature and light are lower. This
provides a suitable environment for the sensitive juveniles to begin to develop. In some species
such as L. digitata and L. hyperborea, their reproductive peak is during summer/autumn.

Seaweed distribution varies depending on the environmental and habitat requirements of
each species. For example, it is unlikely to find A. esculenta in sheltered sandy bays as it is most
common on exposed rockfaces. Online resources such as NBN Atlas Scotland
(https://scotland.nbnatlas.org/), the Marine Life Information Network (https://www.marlin.ac.uk/)
and Algaebase (www.algaebase.org), give information on individual species distribution and their
site/growth requirements.

Many seaweed species have a low ability to disperse, and so exist as distinct populations
separated by distance along coastlines, or within separate water bodies (e.g. lochs/fjords). There
is a very poor understanding of the genetic population structure of seaweeds, and this is an area
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of research that needs to be addressed. This is very important to understand in the context of
seaweed cultivation, as it is likely that farm grown seaweed (if collected from a distant location)
will interbreed with the same wild species local to the farm. If interbreeding occurs it may lead to
a loss of natural genetic diversity in the wild populations. Currently, there exists little restriction
on the distance between the site where fertile material is collected and the end cultivation site
where the seed stock is grown out.

In an attempt to mitigate potential damage to wild populations from interbreeding with
cultivated stock, a condition has been set in Marine Licences that: state “The licensee must utilise
locally sourced stocks for seeding of the cultivation systems” (Licence No.; 05292/17/0: Port a
Bhuiltin, Lynn of Lorn). Yet, ‘local’ cannot be defined without understanding the genetic population
structure. The recent PEGASUS report (Barbier et al., 2019) defines a local strain as:

“A cultivated strain or variety whose genetic background is similar to that of the natural
population geographically close. The degree of similarity taken into account is directly
dependent on the observed genetic diversity of the species in the considered area, compared
to distant populations of the same species. It is a relative parameter (“more or less similar’).”

To date, a number of population genetic surveys have been undertaken on S. latissima,
including in Denmark (Nielsen et al., 2016), Maine (USA) (Breton et al., 2018), and the Irish Sea
(Mooney et al., 2018). In Scotland and the Irish Sea, populations from Stranraer and Troon
showed relatively little differentiation (¢-st = 0.024) over >60 km distance (Mooney et al., 2018).
Guideline distances between collection populations and cultivation sites could be suggested
based on general trends in existing studies, however, without localised genetic knowledge
recommendations are difficult to make.

As well as genetic distance, environmental distance between collection and farm site
should also be considered when selecting wild populations for cultivation material. Little research
exists on local adaptation in seaweeds, however the wide geographical distribution of many
species, their ability to colonise a wide range of environments, and the phenotypic diversity
observed across those environments, suggests the strong influence of local adaptation in many
species (Augyte et al., 2018). As such selecting seedstock from a dissimilar environment to the
farm location may prove detrimental to the growth of the out-planted crop in the new environment.
Though determining environmental similarity can be difficult, a simple solution may be to sample
from multiple locations within the agreed local limits for seedstock in order to encompass a
greater genetic diversity and a wider range of environmental tolerances. Selecting a greater
number of adult donors from multiple source populations may also offer further mitigating benefits
by increasing the effective population size of the farmed crop and reducing the degenerate impact
of a small hatchery source population on wild population effective size (Laikre et al., 2010).

Kelps have a very high fecundity, and a single adult can release hundreds of millions of
spores from their reproductive regions, which are known as sori. When seeding a farm it is
recommended at least 5-10 sorus regions are collected to ensure a mixed genetic diversity in the
crop. This could potentially seed 10-20 km of hatchery twine (see Section 2.6). If very few sori
are used, this may cause inbreeding depression in the crop, leading to poor growth on the farm.
In Australia, Sea Health Products Ltd. have been granted a licence to collect up to 30 individuals
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of their common kelp (Ecklonia radiata) per year, for the purpose of seeding trials, which seems
a very reasonable allowance (Jo lane, pers. comms). Whilst collection of sorus is required, the
small quantities required are highly unlikely to lead to any significant impact on the local
population.

The sorus region of Laminaria spp. and S. latissima are located towards the distal end of
the blade (Figure 9A). These areas can be removed whilst leaving the adult plant in place to
regrow. In A. esculenta the sorus region is located on the sporophylls near the holdfast (Figure
9B), and similarly these can be removed while leaving the adult in place. Commercial collections
should be carried out in accordance with requirement of a Crown Estate licence to ensure the
practice is managed sustainably (https://www.thecrownestate.co.uk/en-gb/what-we-do/on-the-
seabed/coastal/seaweed-harvesting/).

A.

Figure 9. Sorus material on kelps appears are slightly raised dark regions. On many species it
is located on the frond, usually at the distal end. A) Sorus of L. digitata; B) The sorus of A.
esculenta occurs on the sporophylls near the holdfast.

The quantity of fertile material required for many other species is currently unknown. In
the case of P. palmata, a larger quantity of individuals/ fertile material is necessary to generate
enough seed. Based on Werner & Dring (2011), between 6.5-13.1 kg of fertile material per linear
km seeded is required. In all species, care should be taken to leave a portion of the adult
meristematic tissue (i.e. the growth area of the plant) in place to allow tissue regeneration, and
to leave at least half of the wild population undisturbed to allow population recovery following
collection. This is particularly true for species that have a small distribution area, such as P.
palmata.

Guides exist for the preparation and extraction of spores from kelps (Werner & Dring,
2011; Flavin et al., 2013; Rolin et al., 2017). Generally, this involves a cleaning step (see Section
2.5) followed by slight drying overnight in a fridge. The following day, spores are released
following re-immersion in seawater (Figure 10).
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Figure 10. Sorus material of S. latissima which was cleaned and desiccated overnight, then re-
immersed in seawater. Within 15-30 minutes, spore release can be seen on the left, whereas it
was unsuccessful on the right.

24 Use of Kelp Seedbanks

Kelps have an independent microscopic lifestage called the gametophyte, which are
capable of growing as filaments and can be maintained in vegetative culture (tom Dieck, 1993).
Gametophyte cultures can act as seedstock for cultivation for many years and are available year-
round, negating the need to annually search for and recollect fertile material from the wild.
Independent gametophyte cultures for a particular species can be maintained for each location
used for cultivation (Figure 11). It is not recommended to collect seed from the cultivated seaweed
itself, as this will reduce the genetic diversity of the seedstock and may select for earlier
reproductive maturity.

Figure 11. Kelp gametophytes are maintained in a vegetative stage using red light. A) In a
bubbling culture; B) In tissue culture flasks.
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In the future, commercial seedbanks for kelps may allow the long-term storage of cultures
from all across Europe. These can act as a biological bank (biobank) to conserve the natural
genetic diversity of seaweed populations, as well as supplying commercial kelp farmers. Such a
biobank is currently being established at SAMS for S. latissima from across Europe under the
H2020 funded project, Genialg. Biobanking may be assisted through the use of cryopreservation
for the long-term (decadal) storage of gametophytes. Further study is needed to confirm that
growth and fertility can recover following this treatment (Day, 2018), although initial trials are
encouraging (Wouter Visch unpublished results). Porphyra/Pyropia spp. also have an
independent filamentous lifestage called the conchocelis. Again this may be biobanked and
cryopreserved, similar to kelp. Methods to biobank many other seaweed species (e.g. P. palmata,
Himanthalia elongata) have not yet been developed, and so these species currently require
collection of fertile material from the wild every year. An attempt at biobanking with O. pinnatifida
was not successful.

2.5 Hatchery Phase

During the hatchery/nursery phase of cultivation, the seaweed seed (usually a
microscopic stage), is reared under set light, temperature and nutrients conditions to maximise
early growth and survival. The hatchery phase is usually 6-8 weeks, until the juveniles have grown
up to 1 cm long. The culture is maintained as cleanly as possible to prevent the inclusion of
grazing animals or overgrowth by space competitors such as other macroalgae (Figure 12).
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251 Summary of the Process of Seeded Twine Production

Twine seeding is currently the most reliable method for seaweed cultivation (see Section
2.6). 1-2 mm twine is wound around plastic tubing (spools) in a single layer. The twine on the
spools is then seeded with a microscopic phase of the seaweed (usually by spraying or dipping).
The spools are then immersed into seawater tanks set up with appropriate lighting and supplied
with gentle aeration. The tanks will either be supplied with flow-through seawater or be can static
with regular refreshment (e.g. weekly). The water should always be filtered and UV sterilised to
prevent the introduction of other organisms, which can impact on the success of the species
being line seeded.

Figure 12. Seeded twine production. A) Juvenile seaweeds are cultured in lit seawater tanks
attached on 1-2 mm twine. B) After usually 6-8 weeks, the twine is covered with developing
juveniles and is ready for outplanting.

The addition of a typical algal growth medium such as F/2 or PES is recommended to
accelerate the growth of the juvenile seaweed during this initial vulnerable stage. The chemical
germanium dioxide is also recommended during the first seven to nine days of the hatchery to
inhibit overgrowth by diatoms (microalgae). Open access guides exist that provide more detalil
on these hatchery methods (Edwards & Watson, 2011; Flavin et al., 2013).

2.5.2 Hatchery Biosecurity

Hatcheries must ensure that appropriate practical biosecurity measures are in place to
prevent the accidental movement and spread of invasive non-native species and/or disease. A
biosecurity plan should be established to address these concerns.

2.5.2.1 Cleaning fertile tissue

Fertile seaweed tissue collected from the wild must be cleaned before spores are
extracted. This will ensure that other organisms are not accidentally introduced into the culture.
The first step involves the manual removal of all macroscopic biota (i.e. mobile animals, other
seaweeds, encrusting bryozoan etc. that are visible to the naked eye; see Section 2.10), usually
by cutting and repeatedly rubbing with tissue and sterile seawater. A second step may involve a
chemical treatment such as dipping in dilute bleach, peroxide or iodine (Rad, 2012; Flavin et al.,
2013). The selection of the chemical will depend on the tolerance of the particular species being
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cultured. Spores extracted from cleaned fertile material are then able to grow without competition
from non-target species or grazing. This treatment does not make the material axenic (free of all
microbes), as it is beneficial for the seaweed to retain its natural microbial associations.

2.5.2.2 Maintaining Hygiene in the Hatchery
All hatchery materials (including twine spools, tanks and bubbling tubes), should be
cleaned before and after use. In stagnant culture, the water should be refreshed regularly and
the tanks cleaned and all equipment sterilised. The use of multiple, spatially separate tanks, are
recommended in case one becomes contaminated. To prevent tank cross-contamination, each
tank should be covered and clean gloves worn when handling the spools. Waste water discharge
from the hatchery should follow local regulations.

2.5.2.3 Hatcheries handling non-local Seaweed Populations
Biosecurity must be stricter when non-local (see Section 5.10) seaweed populations are
cultured, or when seaweeds from multiple locations are all grown in the same hatchery. Firstly,
each population must be cultured in isolated tanks and/or rooms and no equipment moved
between tanks without first being sterilised. Secondly, all wastewater must be treated, for
example either chemically, via UV light or heat, before being discharged as waste. These steps
will prevent two potential outcomes:

1. The release of seaweed to a non-local/distant cultivation site leading to unknown
ecological consequences (e.g. seaweed from Shetland being outplanted in the Firth of
Clyde);

2. The cross-contamination of seaweed disease/contaminants between populations.
Seaweed diseases/ culture contaminants are currently understudied and may be
transported into the hatchery with the seedstock (either wild collected spores or
gametophyte cultures). It is important that hatcheries do not facilitate disease
transmission by preventing cross-contamination of tanks which are then outplanted all
around the UK. Detection methods for diseases/contaminants are currently being
researched at SAMS.

Figure 13 below provides a schematic diagram of the typical phases of kelp cultivation in Europe.
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Figure 13. Summary of typical kelp cultivation in Europe. Fertile kelp (sporophyte stage) with
darkened areas of sporangial tissue are collected form the wild and cleaned. Meiospore release
is stimulated, these germinate and grow into either male or female gametophytes. The male
spermatia fertilise the female oogonium and a new juvenile sporophyte grows attached to the
female. This culture is then seeded onto twine spools and allowed to grow for 6-8 wk in a hatchery
with artificial lighting. The twine is then outplanted at a seaweed farm by helically wrapping it
around a rope. An alternative seeding method is that the culture containing juvenile sporophytes
is seeded directly onto a rope using the binder method without and extended hatchery phase.
Using either method, rope are deployed in autumn suspended at 1.5 m depth. The seaweed
grows by intercepting incident light and absorbing nutrients from the surrounding water. The
harvesting time is in spring to early summer.
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26 Twinevs. Direct Seeding

Effective seeding of macroalgae requires an initial hatchery phase, which maximises the
survival of early recruits by optimising the conditions for their growth from microscopic spores to
macroscopic juveniles (see Section 2.5). Seeding of spores followed by direct out-planting in the
sea without a hatchery phase gives very poor results (Kerrison et al., 2018).

There are currently two approaches to seeding; the established method using twine, and
a new method called direct seeding.

2.6.1 Twine

In a typical seaweed (kelp) hatchery, juveniles are reared attached to twine on a spool for
6-8 weeks, until they are, generally, up to 1 cm long. Similar method have been used for dulse
(P. palmata).

There are many variants of how this twine is then utilised:

1. Rapid method (common in Europe). The twine spools are threaded onto a carrier rope
and helically unwound into the lay of the rope (Figure 14 A/B). This method allows fairly
fast deployment. As the twine is coated in a dense population of juveniles, there is intense
competition between the juveniles for space. Thus, a large proportion of the juveniles die.
If successful, this method leads to 100% coverage of the rope. If problems arise during
the hatchery phase, or the line is not deployed correctly, patchiness can occur. This
method is most suitable for lengthy continuous longlines.

2. Twine inserts. The twine is cut into short sections (e.g. 10 cm), which are inserted (lazy
spliced) into the carrier rope at regular intervals (e.g. 30 cm). By spacing out the twine,
this reduces the space competition, giving each individual more space to grow to its
maximum size. This method uses less twine, but is more labour intensive. It is often used
in dropper systems.

3. Individual juvenile inserts. This is the dominant method used in Chile/China. Individual
juveniles are picked from the twine and lazy spliced into the carrier rope at set distances
(e.g. 30 cm). This method requires that the juveniles are grown to a large size in the
hatchery (5-10 cm), and strongly selects for fast growth. It is the most economical use of
the juveniles and, due to the spacing, allows each to grow to their maximum size without
intraspecific competition. This method is extremely labour intensive and so is not expected
to be feasible for European seaweed cultivation.
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2.6.2 Direct/Binder Seeding

An alternative seeding method was developed during the EU FP7 project AT~SEA. The
kelp juveniles are grown in tumble culture, detached from any surface, rather than on twine.
These juveniles are then mixed with a Binder/Bioglue and applied directly onto the cultivation
surface, which can then be immediately deployed into the sea (Figure 14C). This method has
numerous advantages. The hatchery phase is cheaper, deployment is faster, and growth can
occur on materials other than ropes (i.e. net or sheets; Kerrison et al., 2018). It is very suitable
for sheltered locations, but it is currently unreliable in exposed sites or during periods of unsettled
weather. Further research is underway to improve the formulation of the Binder/Bioglue through
the UKRI BBSRC Bindweed project to allow deployment at any site and time.

Figure 14. A/B) Rapid twine seeding, where twine carrying juvenile seaweed is helically unwound
from a spool onto a rope; C) Direct seeding, where the juvenile seaweed are loose in a solution
mixed with a binder. These are then embedded or sprayed onto ropes, ribbons, nets or sheets.
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2.7 Outplanting and Harvesting Timings for Different Macroalgal
Groups

Cultivation times are broadly similar across a range of seaweed species. In natural
populations, many species are fertile over the winter-spring period, with developing young
juveniles able to grow rapidly during spring. A high biomass is then achieved in the early summer
(Figure 15B).

In the 1950s researchers in China developed the summer hatchery method. In this,
juveniles are grown in cooled water in the late summer, and then are outplanted as soon as the
water temperature decreases in autumn. This resulted in far higher yields at harvest time in
summer. This method can also be applied to European kelp species.

Figure 15. A) Juvenile growth in January (up to 25 cm in length) after deployment in October; B)
A cultivation line at harvest with 10-15 kg per m of linear rope.

October out-planting of kelps in Scotland has been shown to give a higher yield compared
to deployment in later months (Figure 15A). September may also give excellent results but has
not been trialled. The latest month for deployment that can potentially give a reasonable harvest
yield is February. December appears to be the worst month due to increased storminess and low
light. But there is also the possibility that the geography of the site will both impact on the timing
of deployment of the seeded and the overall productivity of the seaweed been cultivated. There
will also be annual variation related to the impact a season’s weather patterns has on deployment
through to harvest. The timing of harvest again will be specie dependent but will also potentially
be related to what market the biomass is ultimately destined for. In order of preference, the ideal
deployment months are Oct>Nov>Jan>Feb. For other species (i.e. P. palmata) the deployment
time in Scotland has not been studied, but is expected to be similar. The fine sheet-like
Porphyra/Pyropia spp., grows to a harvestable size very quickly and so deployment for this
species may be later in the year, possibly Jan-April. Table 1 summaries the seaweed cultivation
calendar for Scotland.
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Table 1. Cultivation calendar of seaweed cultivation in Scotland. Light grey — deployment period.
Dark grey — harvesting period.

S O N D J F M

Kelps

Alaria
esculenta

Palmaria
palmata

Porphyra/
Pyropia

In most kelps the harvesting period is between April to June, with the exception of A.
esculenta, which tends to degrade earlier and so may need to be harvested by the end of May
(Table 1). It may be possible to harvest the red seaweed species including P. palmata and
Porphyra/Pyropia spp., over the summer, although this needs to be tested

The timing of harvest will depend on four factors:

1. The growth rate of the crop. This will depend on both the out-planting time and method
(e.g. longline, V droppers), as well as the environmental conditions over the cultivation
cycle. The growth rate is very high over the spring-summer period. The total biomass yield
continues to increase over this period and then may peak in midsummer. After this, the
yield may decline due to nutrient limited conditions (see Section 2.9) and overgrowth by
biofouling.

2. The development of biofouling by other organisms. Many invertebrate animals or
other macroalgae will grow on the surface of cultivated seaweed. These may overgrow
the frond, graze it away or cause it to fragment. This is an unavoidable natural process,
increasing with the time cultivated material stays in the water. The timing and type of
biofouling appears to be highly site specific and varies inter-annually. Monitoring of fouling
is therefore very important for harvest timing. See Section 2.10 for a summary of the
different types of fouling.

3. The end use of the biomass. For food applications, the seaweed frond needs to be as
clean as possible with little or no biofouling organisms. This is particularly true when sold
fresh or as the whole frond. Due to the nature of cultivating in the sea, it is (likely)
impossible to prevent biofouling from developing or ensure the 100% removal of all
contaminating material from the final product. Thus, harvesting a lower crop biomass,
before biofouling becomes well established, will be favoured over harvesting later, when
peak crop biomass is available, but biofouling is heavier. Careful monitoring of the onset
of biofouling (intensity and organism type) is therefore very important for food end uses.
As a generalisation for non-food applications, the most important factor determining the
harvesting time will be yield achieved. Biofouling will have a lower impact on the quality
of the bulk biomass harvested, and so a later harvest with higher bulk biomass, but also
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higher % composition of fouling will likely be favoured. The allowable fouling will vary
depend on the particular end use or processing method used.

4. Seaweed chemical composition. The chemical composition of seaweeds also varies
seasonally (Schiener et al., 2015). For example in kelps, the highest protein is achieved
in autumn/winter, while highest carbohydrate content is seen in summer. Harvesting time
may therefore vary depending on the end use (e.g. a particular target bioactive may peak
in January). For food applications, the flavour profile of seaweed also varies seasonally,
and so harvest time may need to be adjusted to a particular time of year.

2.8 Farm Design

The goal of the farm infrastructure is to keep the seaweed material in a stable position for
the duration of the cultivation cycle (i.e. between deployment and harvest). The seaweed is
generally held within 1-2 m of the surface, but sometimes to a maximum depth of about 5 m. The
farm therefore requires a mooring to the substratum and a floatation system. The structure must
be suitably engineered to tolerate storms and be located in sufficient depth of water to prevent it
beaching. Many different forms of farm have been developed.

2.8.1 General Farm Requirements

Aquaculture sites in Scotland require a Crown Estate licence, a Marine Scotland Marine
Licence and must include suitable site marking (see Wood et al., 2017). Section 3 of this report
summarises the consenting and policy regime for Scotla