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ABSTRACT

The use of seaweeds has a long history, as does the cultivation of a select and relatively small group of species. This
review presents several aspects of seaweed production, such as an update on the volumes of seaweeds produced
globally by both extraction from natural beds and cultivation. We discuss uses, production trends and economic
analysis. We also focus on what is viewed as the huge potential for growing industrial-scale volumes of seaweeds to
provide sufficient, sustainable biomass to be processed into a multitude of products to benefit humankind. The
biorefinery approach is proposed as a sustainable strategy to achieve this goal. There are many different technol-
ogies available to produce seaweed, but optimization and more efficient developments are still required. We
conclude that there are some fundamental and very significant hurdles yet to overcome in order to achieve the
potential contributions that seaweed cultivation may provide the world. There are critical aspects, such as improv-
ing the value of seaweed biomass, along with a proper consideration of the ecosystem services that seaweed farming
can provide, e.g. a reduction in coastal nutrient loads. Additional considerations are environmental risks associated
with climate change, pathogens, epibionts and grazers, as well as the preservation of the genetic diversity of
cultivated seaweeds. Importantly, we provide an outline for future needs in the anticipation that phycologists
around the world will rise to the challenge, such that the potential to be derived from seaweed biomass becomes a
reality.
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Introduction Historical overview of the development of

. . seaweed exploitation and cultivation
Global concern has been rising regarding the P

impact of climate change on seaweed abundance,
distribution and quality (Straub et al., 2016).
While kelps seem to possess a certain degree of
resilience to global climate change (Krumhansl
et al., 2016), biomass availability can vary greatly
on a local basis (Bell et al., 2015). It is therefore
relevant and timely to develop alternative produc-
tion strategies. In this review, we analyse current
exploitation and aquaculture activities, including
some economic trends in the usage of seaweeds,
as a test case for the development of these strate-
gies. Finally, we explore whether published
research is moving in this direction and address
the knowledge gaps that are apparent from this
analysis.

Human and seaweed interactions seem to date back to
the Neolithic period (Dillehay et al., 2008; Ainis et al.,
2014; Erlandson et al., 2015), but the earliest written
record of their human usage originates from China,
about 1700 years ago (Yang et al., 2017). For centuries,
coastal populations harvested a wide variety of seaweeds
from all algal groups. Initially, seaweeds were most
often used for domestic purposes as food and feed,
whereas later, industrial uses (gels, fertilizers) emerged
(Delaney et al., 2016). Early examples of utilization of
seaweeds for medicinal purposes include the Chinese
use of brown algae for goitre (16th century, Chinese
herbal, ‘Pen Tsae Kan Mu’), Gelidium for intestinal
afflictions and dehydrated Laminaria stipes for the dila-
tion of the cervix in difficult childbirths (Levine, 2016).
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The industrial use of seaweed biomass has shifted
over the years, from exploiting beach-cast seaweeds
as fertilizers and a source of potash, via iodine pro-
duction, to hydrocolloid extraction (Synytsya et al.,
2015). At all stages, the ‘potential” of the future indus-
try has been viewed as being larger than its actual
scale and this is as relevant today as it was 100 years
ago or more, when the industry looked very different
(Hafting et al, 2015). Many researchers foresee a
future where seaweeds will be grown for more valu-
able purposes than commodity food and feeds (Neori,
2016). These include higher value uses as raw materi-
als for specialty polysaccharides (e.g. agar, carragee-
nan and alginates: Bixler & Porse, 2011), or
transformation of the biomass into products for tech-
nical, specialty agronomic applications (Buschmann
et al., 2008; Craigie, 2011). In addition, further up in
the value pyramid one can find functional products
such as valuable ingredients for food and feed
(Fleurence, 2016), cosmeceuticals (Balboa et al,
2015), nutraceuticals (Himaya & Kim, 2015), phar-
maceuticals (Thanh-Sang Vo et al., 2012; Cao et al.,
2016; Anis et al., 2017), and bioenergy as a low value
but very high volume application (Korzen et al., 2015;
Fernand et al., 2016). As these different applications
can be complementary, different processing options
(see e.g. Camus et al, 2016), including holistic
approaches, have been developed. The holistic
‘biorefinery approach’ sequentially extracts the most
valuable components from algal biomass, leaving the
remainder unadulterated for commodity purposes,
i.e. food, feed, fertilizer and fuel, while minimizing
waste and environmental impacts of the process
(Baghel et al., 2015; Trivedi et al., 2015).

Seaweed uses

Seaweeds produce a varied and versatile biomass
useful for multiple applications. They can be used in
a broad variety of formats (e.g. fresh, dried, powder
or flakes, salted, canned, liquid extracts or as pre-
pared foods) for direct human consumption or pro-
cessed into food additives and nutraceuticals, feeds,
fertilizers, biofuels, cosmetics and medicines,
amongst others (McHugh, 2003; Bixler & Porse,
2011; Anis et al., 2017). Global demand for seaweeds
has been growing together with increases in usage
beyond former traditional applications (e.g. hydro-
colloids: Rebours et al., 2014; Hafting et al., 2015).
There is an increasing body of evidence that the
consumption of algal food/feed products may have
health and nutritional benefits. However, several
basic questions remain unanswered, including the
impacts of seasonal and geographical variation on
the composition and nutritional value of algal bio-
mass (Wells et al., 2016). Furthermore, the quantita-
tive roles of genetics and environment on seaweed

biomass have yet to be established. Similarly, there is
still only limited solid evidence on the digestibility
and bioavailability of many ‘beneficial seaweed com-
pounds’ to humans or animals (Wells et al., 2016),
leaving this topic as something of a ‘black box’. This
lack of information affects even basic exploitation,
e.g. when timing the harvest, approaches to de-water-
ing, drying, storage and processing (e.g. optimal dry-
ing as in Chan et al., 1997).

According to FAO statistics (FAO, 2014, 2016), of
the top seven most cultivated seaweed taxa, three were
used mainly for hydrocolloid extraction: Eucheuma
spp. and Kappaphycus alvarezii for carrageenans, and
Gracilaria spp. for agar; Saccharina japonica (formerly
Laminaria japonica), Undaria pinnatifida, Pyropia spp.
(formerly Porphyra) and Sargassum fusiforme were
most important in human food usage (Fig. 1). The
main producing countries were China, Indonesia and
the Philippines, which were also those that cultivated
the greatest diversity of seaweed species (7, 6 and 4,
respectively; FAO, 2014, 2016).

While seaweed consumption in South-east Asia has
been common and traditional, and has depended on
taste and price, seaweed use as food in non-Asian
European and USA markets has considered additional
parameters such as nutritional value and ‘food for
health’, with a strong consumer preference towards
organic, sustainable and fair trade products (represent-
ing low impacts both on the environment and biodi-
versity) (Chapman et al, 2015; Gomez Pinchetti &
Martel Quintana, 2016). However, the global market
share of seaweed farming production used for food
and ‘other uses’, i.e. other than for hydrocolloids, is
still below 1% of the total biomass production (Fig. 1).

Recent production: exploitation and farming
techniques

China and Indonesia are by far the largest seaweed
producers with over 23 million tonnes of aggregated
production in 2014 (Fig. 2a). China produces mostly
kelp for food (i.e. Saccharina japonica and Undaria
pinnatifida), and red algae belonging to the genera
Gracilaria and Pyropia (FAO, 2016). On the other
hand, Indonesia produces mainly the carrageenophytes
Kappaphycus and Eucheuma (FAO, 2016). Taken
together, these leading five genera - Saccharina,
Undaria, Porphyra, Eucheuma/Kappaphycus and
Gracilaria — represent c. 98% of the world’s cultivated
seaweed production (Suo & Wang, 1992; Pereira &
Yarish, 2008). Furthermore, Chile, China and Norway
lead the exploitation of the wild stocks of seaweeds
(Fig. 2b), of which kelps are the most sought after
(FAO, 2016).

In 2014, the leading seaweed farming countries,
China and Indonesia, each produced more than 10
million tonnes, the Philippines and the Korean
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Fig. 1. Per cent seaweed aquaculture production per species and countries — year 2014. Actual main uses of each species
were included. Source: FAO (2016).
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Republic over 1 million tonnes, whilst the Popular
Democratic Republic of Korea, Japan, Malaysia and
Zanzibar produced over 100000 tonnes each
(Fig. 2a). In the Americas, only Chile has appeared
in the farming statistics tables, with 12 836 tonnes of
cultivated Gracilaria. Most European and African
countries do not produce seaweeds and the few coun-
tries that do produce minute quantities (Fig. 2a).

In contrast, the European, Canadian and Latin
American seaweed industries still rely on harvesting
natural resources (Rebours et al., 2014). In Chile there
is exploitation of the brown algae Lessonia and
Macrocystis, and the carrageenophytes Sarcothalia cris-
pata, Gigartina skottsbergii and Chondracanthus chami-
soii, but farming is limited only to a relatively small
amount of Gracilaria chilensis (Buschmann et al., 2008).
In Portugal, sustainable production of seaweed and sea-
weed-based products (see www.algaplus.pt) uses the
Integrated Multi-Trophic Aquaculture (IMTA) con-
cept, farming seaweeds in proximity to several species
at different trophic levels, allowing the reduction of
aquaculture wastes (Troell ef al., 2009). IMTA is prac-
ticed in a controlled environment on land, with organic
certification for quality, traceability, stability of supply
and a small carbon footprint. Cultivation of Ulva has
been set up in South Africa, based on a similar IMTA
concept (Bolton et al., 2009) and was adopted on a small
scale in Israel (Shpigel, 2013; Neori et al., 2017). In
Brazil, the commercial cultivation of Kappaphycus
alvarezii has been implemented during the last decade
in coastal waters on the southern and south-eastern
coasts (Pellizzari & Reis, 2011). In Norway, seaweed
exploitation (largely Laminaria hyperborea and
Ascophyllum nodosum) has a long tradition (Meland
& Rebours, 2012), and although the country was early
to develop a knowledge-based, integrated coastal zone
management system, it was recognized that the growing
demand of the industry could not be satisfied solely
from the wild (Stévant et al, 2017). To tackle this
issue the development of seaweed aquaculture was
initiated, based on research and pilot-scale production,
and moved quickly to obtain commercial permits for
cultivation of mainly Saccharina latissima in coastal
water (Stévant et al., 2017). In the countries mentioned
above, wild seaweed exploitation has been carried out
sustainably for decades (Rebours et al., 2014; Cottier-
Cook et al, 2016). However, over-harvesting of
Gelidium spp. in Japan (Fujita et al, 2006) and
Morocco has greatly diminished Gelidium spp. beds,
with potentially devastating consequences for the pro-
duction of microbiology-grade agar (Callaway, 2015).
For this reason, efforts towards cultivation and replace-
ment of wild harvest are even more relevant.

In general, depending on their organization (e.g.
clonal vs. unitary organisms) seaweeds are cultivated
in one or multiple-step farming systems (Santelices,
1999). Clonal species, such as Gracilaria and

Kappaphycus, can be fragmented vegetatively and
propagated directly for growth in culture systems.
This can be done at different scales, moving from
intensive on-land tanks or ponds to extensive open-
sea culture systems using long-lines or rafts. On the
other hand, propagation of the unitary seaweeds such
as kelp for industrial cultivation requires a hatchery/
nursery. The different cultivation systems have been
thoroughly tested experimentally, but the most com-
mercially successful systems have been those that
culture seaweeds at sea, due to lower operational
and capital costs (Sahoo & Yarish, 2005).

Seaweed farming and modelling productivity

To date, seaweeds only produce a small fraction of
the global supply of biomass with below 30 x10° fresh
weight (FW) tonnes of seaweed, in comparison to 16
x10"" tonnes of terrestrial crops, grasses and forests
(see below in this article). An expanding body of
evidence suggests that off-shore cultivated seaweeds,
which do not compete with food crops for arable land
or potable water, could provide an alternative source
of biomass for the sustainable production of food,
chemicals and fuels (Radulovich et al., 2015; Lehahn
et al., 2016; Neori, 2016). However, increasing the
global production of seaweeds requires an under-
standing of the critical points that currently limit
their production. Several studies developed models
for estimating the net primary productivity (NPP,
defined as ¢ DW mday ™', a measurement of the
efficiency of conversion of solar to potentially useful
chemical energy) of selected seaweeds for ecological
and environmental applications. Duarte & Ferreira
(1997) published a dynamic model, which predicted
NPP for Gelidium sesquipedale. The physiological
model was useful for the management of natural
stocks of this species as raw material for multiple
industries. The model considered depth, productivity
as a function of light intensity, temperature and rates
of respiration, product exudation, frond breakage and
mortality and included a conversion factor between
carbon and dry weight. Another model was devel-
oped for the optimization of harvesting Ascophyllum
nodosum from natural populations (Seip, 1980) that
allowed for the determination of the optimum den-
sity of seaweeds within the population, and the rate
and frequency of harvesting, allowing only 7% of the
estimated standing crop to be harvested, to produce a
sustainable harvest over a period of several decades of
exploitation (Lee & Ang, 1991; Ugarte & Sharp,
2001). A linear model for pond-cultured Gracilaria
conferta showed a positive relationship between
growth and temperature, where growth responded
differently in different seasons, and where nitrogen
concentration in the ambient seawater inhibited
development of epiphytes, under conditions of
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weekly nitrogen pulse feeding (Friedlander et al,
1990; Friedlander, 1991).

These models and their responses to harvesting are
of vital importance for the development of policies
required for those parts of the commercial seaweed
exploitation industry which are still based on natural
resources. Regardless of how helpful these models
might be, they cannot be used directly for modelling
seaweed farming sites yet, as environmental condi-
tions in those cultivation sites are different from
those occurring in nature (as used by the model).

Estimations for the global potential of offshore sea-
weed farming are rare. However, a mathematical model
for Ulva spp. metabolism and growth rate was recently
developed (Lehahn et al., 2016). The model ran on a
global 1° grid with one output file for each month of the
year. Algal growth rate (u) was calculated as a function
of light intensity (I), temperature (7), salinity (S) and
dissolved nutrients (nitrate and phosphate) and respira-
tion rate. The model assumed that each of the environ-
mental factors had a separate impact on the growth rate
of the biomass. This model, based on oceanographic
data, was used to identify the potential global produc-
tivity of Ulva spp. in regions up to 400 km from the
shore, associated with up to 100 m deep mooring
installations and defined as ‘near-future, deployable
biorefinery provinces’ (NDBP) (Lehahn et al, 2016).
The model provided an estimation of the theoretical,
potential biomass production as 10" dry weight (DW)
tonnes yearfl, over a surface area of ~10° km®. By using
one of the most productive seaweeds, e.g. Macrocystis
pyrifera, it was shown that a total of 200 wet tonnes ha™
year ' could be obtained (Buschmann et al, 2014;
Correa et al., 2016). However, when scaling up, produc-
tion efficiency could drop with strong variations in time
and space (Camus et al., 2016). These studies call for
great caution to be exercised as some results might be
rather unrealistic and what was perceived as ‘high
potential’ may not become a ‘practical reality’. Lehahn
et al. (2016) suggested that a major limiting factor for
large-scale seaweed production was biomass yield.
Thus, under normal sunlight conditions such as out-
door growth, the number of photons does not limit
photosynthetic rate, instead (as indicated by numerous
other seaweed studies) the rate of photosynthesis was
limited by multiple physiological processes, e.g. diffu-
sion and intrinsic plant and carbon-fixation metabo-
lisms (Hurd et al., 2014). Studies showed that equal
photosynthetic rates could be achieved by continuous
and pulsed light with specific frequencies (Tennessen
et al., 1995). This property has been widely used in the
design of on-shore, algal photobioreactors, where mix-
ing is controlled to intensify the total micro- and
macroalgal yields (Bidwell et al, 1985; Buschmann
et al., 1994; Bruhn et al, 2011). Mixing has usually
been intended to improve nutrient diffusion for the
algae and to optimize light exposure (Msuya & Neori,
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2008). A new concept for offshore cultivation of sea-
weeds increases yield per unit area by applying external
mixing to exploit natural photon capture and carbon
fixation rates. The ultimate goal of this system was to
increase the total energy efficiency of offshore seaweed
production by optimization of photon utilization per
unit area for an offshore farm (Golberg & Liberzon,
2015). Mixing would utilize the large volume of the
floating offshore seaweed reactor by exposing algal
cells to solar energy for a short time to capture photons
then moving the algae to a defined depth for a period of
time for carbon fixation so a new layer of seaweed
would be exposed to available sun, resembling what
happens in high rate production ponds on land. A
practical technology that can achieve that is being
researched and developed (A. Golberg, personal
communication).

In addition to the technological improvements
required for large-scale cultivation, significant addi-
tional efforts and resources are required to develop
and select seaweed species and strains with specific
properties tailored for food, chemical or fuel applica-
tions (Zhang et al., 2007; Robinson et al., 2013; Li et al.,
2016). Industrial strain development in agricultural
crops was transformed by the introduction of high-
throughput phenotyping with imaging. Imaging spec-
troscopy and thermal-infrared-, fluorescence-, 3D- and
tomographic imaging have been used to successfully
determine the required properties of terrestrial plants
for robust, cost-effective, downstream processing
(Cabrera-Bosquet et al., 2012; Li et al., 2014; Mutka &
Bart, 2015; Walter et al., 2015) and have also been used
for green algae (Shefer et al, 2017). However, the
effectiveness of these and other modern tools in
increasing seaweed productivity on a commercial
large scale at sea has still to be demonstrated.

Economic considerations vis-a-vis large-scale
seaweed cultivation

Ecosystem services as provided by seaweed farms

The commercial production of seaweeds provides
several crucial ecosystem services, e.g. oxygenation
and uptake of nutrients (Vasquez et al., 2014). The
evaluation of ecosystem goods and services links
between the state of natural ecosystems and socio-
economic welfare has been summarized in several
publications (Mangos et al., 2010; Véasquez et al.,
2014; Bennett et al., 2015a; Krause et al., 2015). For
example, kelp forests that cover ~71000 km® of the
southern coast of Australia function as a great reef,
supporting biodiversity and generating an estimated
value of US$7.7 billion annually (~US$110 000 km™
year ') in fishing (provisioning services), tourism and
cultural services (Bennett et al, 2015b). The
European Commission (2012, 2016) recognized that
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algae (seaweeds and microalgae) were such a promis-
ing option for food security that by 2054 algal collec-
tive cultivation could reach the production of 56
million metric tonnes of protein, which would con-
stitute 18% of the global alternative protein market. A
diagram of alternative protein sources and market
proportions over time is provided in the Lux
Spotlight blog (2015).

Undoubtedly, seaweed cultivation enhances primary
production and therefore contributes to the global car-
bon, oxygen and nutrient cycles (Chung et al., 2011), in
addition to reducing eutrophication and greenhouse
gases, such as the release of methane associated with
rearing herbivores (European Commission, 2016).
Algae perform about half of the global fixation of car-
bon (Chung et al., 2011) and may also account for much
of global biological carbon storage, thereby being a
natural means for the reduction of greenhouse gas
emissions. Both natural beds and cultivated farms of
seaweeds provide nutrient cycling as well as waste pur-
ification and treatment services (Manninen et al., 2016).

The commercial production of seaweeds also pro-
vides ecosystem services such as food, habitat and
refuge for a diverse array of fish and invertebrates of
conservation importance (Almanza & Buschmann,
2013; Vasquez et al., 2014). New habitat in the form
of large-scale seaweed farms can host diverse species
(Skjermo et al., 2014) and therefore support biodiver-
sity. Negative impacts may be: cross-breeding between
domesticated and wild strains and the harbouring of
parasites (Skjermo et al., 2014), as well as uninten-
tional introduction of non-indigenous ‘hitchhiker’ spe-
cies, including pathogens (Cottier-Cook et al., 2016).

As healthy sources of nutrition for human and
animal foods and supplements, various seaweeds
could also contribute to health services such as a
reduction in cardiovascular disease (Cornish et al.,
2015), the cost of which approaches a trillion USD
(Barquera et al., 2015). Dietary seaweeds also hold
promise for healthy brain development and mainte-
nance (Cornish et al., 2017).

Sustainable production of seaweeds through culti-
vation could contribute to the welfare of society
through the creation of jobs: at the first level i.e.
hatcheries, grow-out operations and processing; at
the second level through industries supplying goods
and services to mariculture such as feed, equipment
and advice; and at the third level through the provi-
sion of associated jobs i.e. spending by those
employed directly and indirectly in seaweed cultiva-
tion (Gardner Pinfold, 2013). The socio-economic
impacts of the introduction of seaweed farming on
poor, rural, coastal communities on many islands,
such as Zanzibar, have been notable (Msuya, 2011).

Since ecosystem services and biodiversity are ‘non-
market’ public goods (Pascual et al., 2010; Tietenberg &
Lewis, 2016) they tend to be over-consumed by society

(e.g. over-exploitation of wild fish and over harvesting
of wild seaweed beds). In this context, seaweed cultiva-
tion on an industrial scale, especially within an IMTA
framework, could reduce overall pressure on the envir-
onment, as has been demonstrated in China (Feng et al.,
2004; Yang et al., 2015a). Enhancing ecosystem services
can reduce, for example, harmful algal bloom events
(Yang et al., 2015b).

Externalities and economic feasibility

The term ‘externalities’ is taken from economic theory
and is used here to express risks, damages or benefits
imposed on human beings, ecosystems and materials
as a direct result of an entity (person or institution)
activity (Garrain et al, 2016). Those burdens are exter-
nal to the activity, merely because they are not con-
sidered economically by the entity that generates them.
Sustainable development requires a change in this
state. Quantifying and monetarizing damages and ben-
efits helps in assessing economic value and the ‘sha-
dow price’ which is being paid by society, or provided
to it, on account of the entity’s activity. External costs
or benefits expressed in monetary value units can then
be used in a cost-benefit analysis (CBA).

The Millennium Ecosystem Assessment (a series of
reports under the auspices of the United Nations
Secretary-General Assessment ME 2005) and research
by Tinch & Mathieu (2011) identified three categories
of ecosystem services provided by marine environ-
ments that are relevant to seaweed cultivation: (1)
provisioning services such as raw materials, food,
feed, energy and aquaculture; (2) regulating services
of ecosystem processes, such as natural cycles of
oxygenation, CO, sequestration, nutrient cycling,
waste purification and treatment; and (3) cultural
services that benefit humanity, through experiences
of natural environments, leisure activities and the
value of marine biodiversity.

Assigning unequivocal monetary figures to the
ecosystem services provided by seaweed farms is dif-
ficult, since it is both site- and scientist-specific
(Cabral et al., 2016). However, it is conceivable that
the monetarization of all the services provided by
large-scale seaweed production could often raise the
true economic value of the algal biomass far beyond
the value of the derived constituents alone (Chopin
et al., 2001; Vasquez et al., 2014).

Various economic analyses of different components
of the collective global seaweed industry have consid-
ered a diversity of products derived from cultured
seaweeds. However, the analyses have not sufficiently
evaluated the impacts, in monetary value, of external-
ities related to seaweed cultivation (Neori et al., 2007;
Troell et al., 2009; Nobre et al., 2010; Chopin et al.,
2012; Korzen et al., 2015; Cabral et al., 2016).
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Currently active research fields

By searching the Web of Knowledge (searched 28
December 2016) for the words macroalgae* OR sea-
weed* OR chlorophyta* OR phaeophyta* OR rhodo-
phyta* AND farming* OR mariculture* OR
cultivation*, NOT (microalgae*), we found 1646 pub-
lications covering the period between 1975 and 2016.
During the late 1990s, 17-39 publications were pro-
duced globally per year on seaweed farming. This
increased to 65 and 78 in 2009 and 2010 respectively,
and by 2015 and 2016 the number was over 180
publications per year. This scientific information
was produced principally by researchers in the
People’s Republic of China, USA, Chile, Japan,
Brazil, Australia, Spain, France, Canada and India
(i.e. the top 10 seaweed research countries produced
over 75% of the publications).

When classifying these farming-focused publica-
tions by their main stated purposes, the top 100
most-cited papers showed that bioremediation, envir-
onmental impacts (mostly impacts of introduction)
and the development of farming technologies were
the main subjects of interest (Fig. 3). A slightly dif-
ferent tendency was observed when the 100 most
recent papers published (i.e. in 2016) were analysed
(Fig. 3). Bioremediation, environmental impacts and
farming technologies were still important topics, but
chemical products (bioactives) and general biology of
farmed species appeared more frequently, indicating
a higher diversification of the objectives. These data
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Species diversification o
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Production biology B Publications 2016
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Feed
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Fig. 3. Research tendencies in seaweed farming. The 100 most
cited papers and the 100 most recent papers published in 2016.
Source Web of Science (search made 28 December 2016).

EUROPEAN JOURNAL OF PHYCOLOGY 397

also suggest gaps, e.g. selection, breeding, economic
evaluation of farming practices, fouling epiphytes and
diseases, and diversification through alternative spe-
cies selection, which need considerable attention to
support the future needs of enhanced seaweed pro-
duction and quality (Fig. 3).

It is important to bear in mind that this biblio-
graphic search was focused on seaweed farming and
not on specific products (i.e. biofuels, feed, food and
chemicals), as they were not highly relevant (< 20%;
Fig. 3) in comparison to biological, environmental
and technical aspects. However, we noted that if the
search of the Web of Knowledge was modified for
keywords such as: seaweed* AND macroalgae* AND
uses* AND products* instead of farming and cultiva-
tion, the number of publications increased to above
6500 publications, for the same period. For this rea-
son, we must emphasize that our analysis is based on
aquaculture and not on biomass production and
products.

A global imbalance in seaweed production,
research efforts and final product markets has also
been discussed by Mazarrasa et al. (2014). Their
analysis showed how world seaweed patent applica-
tions and the rate of scientific publications have
grown significantly since 1990, probably related to
efforts in developing seaweed aquaculture and the
associated biotechnological markets. The study also
indicated recent interest from non-traditional sea-
weed-producing countries in increasing the focus of
their seaweed-based patents to more technological
and sophisticated products, in marked contrast to
traditional areas, where biomass production is
higher and interest was mostly focused on tradi-
tional uses, e.g. food consumption. In general the
private sector is responsible for these products
being developed so they are not widely referred to
in academic papers.

The future: can seaweed farming become equivalent
to terrestrial agriculture in output?

The scale of terrestrial agriculture surpasses seaweed
aquaculture by two orders of magnitude (Neori et al.,
2016). Adjusting this immense production imbalance
is a daunting challenge (Neori, 2016; Neori et al.,
2016). However, several authors claim that seaweed
aquaculture can produce several billion tonnes year '
of macroalgae, which would provide a sustainable
supply of affordable and healthy food in the centuries
to come (Lenstra et al., 2011; Radulovich et al., 2015;
Bjerregaard et al., 2016; Kim et al., 2017). Land-based
agriculture produces over 10 billion tonnes year ' of
various products, most of which are plants. It is hard
to imagine how this figure could grow much further,
considering that growth of the global industry has
been stifled by stagnant and diminishing resources
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of arable land, fertilizers and water for irrigation.
Strikingly, marine aquaculture produces merely c.
100 million tonnes year™' (according to various
FAO reports and Duarte et al., 2007). This is aston-
ishing in a world whose surface is 70% water, that
therefore receives most of the world’s sunshine.
Furthermore, this water contains huge amounts of
nutrients (e.g. 10'" tonnes phosphorus), especially in
the Pacific Ocean (Benitez-Nelson, 2000). The use of
offshore large-scale seaweed aquaculture can in this
context become a relevant tool for carbon sequestra-
tion and global climate change mitigation (Duarte
et al., 2017). Part of the globe that also receives
much sunshine but little agricultural attention is the
desert lands. They cover the ‘sunniest’ third of the
land surface, yet lack water and nutrients necessary to
become productive. It has been proposed that by
recycling water and nutrients some of these regions
could become productive if algae were one of the
main components (Iersel & Flammini, 2010; see also
ULPGC-Acceda: http://hdl.handle.net/10553/4557).
Rectification of the global food imbalance by increas-
ing efforts in aquaculture, and especially mariculture,
to match terrestrial agriculture is challenging because
of the small starting scale of current mariculture.
With an annual growth rate of 6%, as reported by
the FAO, it would take the aquaculture industry
about 80 years to reach the 10 billion tonnes year™
mark. Therefore, to double the world’s food supply
by 2050, mariculture would need to grow by 14%

-1
year .

Such large-scale efforts in mariculture could be
located on the surface of the oceans (Fig. 4) and in
coastal deserts (Fig. 5), using seawater with natural
nutrients or aquacultural waste. Raising industrial
output by two orders of magnitude would require
that the ‘new aquaculture’ is operated at an unpre-
cedented scale, which would also require it to be
sustainable environmentally, economically and
socially. Indeed seaweed, the ultimate sustainable
crop, should lead this growth (Lenstra et al., 2011;
Bjerregaard et al., 2016), just as land plants led
agriculture. Seaweeds should be able to cost-effec-
tively supply food, feed and high value biochemical
products (bioactives), whilst also contributing sev-
eral beneficial ecosystem services, helping nature to
do much of the work.

Engineering solutions to seaweed farming

Artificial enhancement of ocean nutrients by supplying
nutrient-rich water via upwelling, the discharge of sec-
ondary sewage water, or proximity to large fish farms,
could be attained by an array of approaches, from the
fully engineered (chemical fertilization of surface water
around seaweed raft farms, as proposed in Notoya
2010), to the minimally engineered passive pumping
of nutrient-rich water to the surface, to support natu-
rally floating beds of, e.g. Sargassum muticum. Based on
Ryther’s proposition from the 1960s, the Japanese
‘TAKUMTI near Japan and the ‘OTEC’ projects near
Hawaii have already demonstrated the capacity to
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Fig. 4. Large-scale seaweed farming in a multi-trophic aquaculture region of the coast of China. Sanggou Bay, a 130 km*
bay in northern China annually produces 100 tonnes (fresh weight) of fed fish, 130 000 tonnes of bivalves, 2000 tonnes of

abalone and 800 000 tonnes of kelp, for a total production of ~ 7000 tonnes km™ year~

!. Photo courtesy of Max Troell.
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Fig. 5. A draft of a proposed land-based Integrated Multi-Trophic Aquaculture (IMTA) farm gravity-fed by Atlantic Ocean
water (Green Sahara) a vision of the late Guillermo Garcia-Blairsy Reina (courtesy of Bioagramar Foundation).

pump deep, nutrient-rich, Pacific Ocean water to the
surface by means of huge pipes either passively
(Masutani & Takahashi, 1999) or using solar-powered
pumps (Masuda et al., 2010). In this manner, large
regions of current ‘ocean deserts’ could become rich
seaweed beds and associated fishing grounds. These
technologies of course involve environmental impacts,
both positive and negative which can be controlled by,
for instance, proper siting and spacing (Pelc & Fujita,
2002).

Seaweed farms offshore

Different types of seaweed have been cultured profitably
for decades. Over 30 million tonnes fresh weight year™" is
the latest figure from FAO (2016), with an average mar-
ket value of $400 ton™" dry weight. Most of this produc-
tion takes place in coastal areas and shallow oceans.

A proposal by M. Notoya and co-workers is to
have seaweed beds growing on 100 km? rafts. These
would be left floating, away from shipping lanes, until
ready for harvest (Notoya, 2010). Each raft could
produce roughly 10° tonnes year ' fresh weight of
seaweed. Therefore, matching the present terrestrial
agricultural output with seaweed biomass using this
approach would require 10000 such rafts, covering
500 0001 000 000 km* of ocean surface (or merely
0.3% of the world’s oceanic area; Bjerregaard et al.,
2016). A generally similar idea has also been

considered as a promising enterprise for different
areas of the Atlantic Ocean (Notoya, 2010).

Large-scale algal culture on land

Schemes for very large seaweed farms to be built on
coastal deserts have been proposed. One such vision
was presented by the late Guillermo Garcia-Blairsy
Reina (Iersel & Flammini, 2010). The ‘Green Sahara
Concept’ proposed having millions m® year™" of rela-
tively nutrient-rich, deep Atlantic seawater gravity-
fed into IMTA-farming operations based in the
Sahara’s shebkhas - salty flatlands (i.e. below sea-
level, dry lakebeds, up to 10* km® each). The vision-
ary project used the principle of equilibrated diversi-
fication based on polyculture; it was proposed to
produce both simultaneously and sustainably, fish,
crustaceans, molluscs, seaweeds, additional aquatic
crops, aquaponic crops, biogas and hydro-electric
power. The final saline effluent would drain to reser-
voirs at a lower region of the shebkhas for the pro-
duction of saline, ‘green water’ microalgae such as
Dunaliella that would in turn feed brine shrimp,
planktivorous fish, molluscs and birds. The resulting
brine would then be evaporated at the shebkhas” low-
est level, thus ultimately sequestering salt and miner-
als from the sea (~ 10° tonnes km™> year"l) whilst
also having a humidifying effect on the desert air
(Iersel & Flammini, 2010).
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Once adopted, the Green Sahara Concept could
produce cost-effective (micro- and macro-) algae in
the Sahara and similar deserts, thanks to the benefits
of gravity-fed seawater with fertilizers (i.e. N and P),
plus available CO,, lower-cost labour and the avail-
ability of affordable, coastal flatlands in those lati-
tudes below 30° (e.g. Clery, 2011; Moustafa, 2017).
The project was proposed to start with several 20 km?
farms on shebkhas on various coasts of North Africa
and in the Arava Valley of Israel and Jordan, where
the World Bank already plans to fund a huge water
conduit from the Red Sea to the Dead Sea (a drop of
c. 400 m). The water conduit project is planned to be
commissioned in 2021, but the aquaculture facilities
have not been decided upon (Reed, 2017).

Future perspectives

Our analyses showed that only a small number of
seaweed genera are currently in commercial aquacul-
ture. Many additional species have experienced over-
harvesting, most notably Gelidiales on the European-
North African Atlantic coast (Callaway, 2015) and
similarly, red and brown algae on the Chilean coast
(Vasquez, 2008). Undoubtedly, science-based manage-
ment plans can maintain a sustainable but relatively
limited, stable extraction of biomass over several dec-
ades, e.g. Ascophyllum nodosum in Canada (Ugarte &
Sharp, 2001). Furthermore, seaweed farming has miti-
gated the over-harvesting of Gracilaria in Chile
(Santelices & Doty, 1989; Buschmann et al., 1995).
Therefore, we propose that, as with the progression
of terrestrial plant and animal production, inevitably
‘culture’ will replace ‘capture’ of marine organisms.
This situation, however, creates ever-increasing
demands for practical, sustainable and profitable algal
cultivation technologies.

Regardless of the different Research & Development
(R&D) efforts into new cultivation techniques, com-
mercial farming of seaweeds is still predominantly car-
ried out at sea using floating lines, nets or rafts (Sahoo &
Yarish, 2005). These culture systems are generally
installed in coastal waters, which have strong water
movement and are rich in inorganic nutrient concen-
trations (often from anthropogenic sources) to enhance
nutrient uptake (Harrison & Hurd, 2001). Several other
culture systems have been proposed, e.g. those
anchored to the seabed, wherever it receives sufficient
solar radiation eg. for Gigartina skottsbergii
(Westermeier et al., 2012) or Gracilaria chilensis in
Chile (Buschmann et al., 1995). There have been efforts
to cultivate different species of Gracilaria (Buschmann
et al, 1994; Friedlander & Levy, 1995), Gelidium
(Friedlander, 2008) and Chondrus crispus (Bidwell
et al., 1985) in land-based systems, ranging from simple
ponds to intensively operated tanks, with aeration and
dividers for agitation and CO, adjustments for pH

control. Notwithstanding these developments, there
are also relatively small quantities of Gracilaria and
other seaweeds (e.g. Caulerpa spp.) cultivated for
human food in simple earthen ponds in some countries
(e.g. Taiwan and the Philippines). One of the first
commercial-scale pond facilities operates in the
Canadian Maritimes, to produce Chondrus crispus,
branded as: Hana Tsunomata™ (Hafting et al., 2015).
Commercial on-land, pond cultivation has also been
developed in South Africa for Ulva spp. (Bolton et al,
2009) and Israel for Ulva spp. and Gracilaria sp. (see:
www.seakura.net).

The higher costs of pond-produced seaweeds have
restricted their use to high-value products, as sea-
weeds cultivated for commodity-type products (e.g.
polysaccharides) are not profitable in such systems
(Hafting et al., 2015). It is encouraging to note that in
addition to the developments in seaweed aquaculture
in countries such as China, Japan, Korea, Indonesia
and the Philippines, there are also pilot-scale and pre-
commercial farming projects for selected brown and
red algae in Europe (Callaway et al., 2012; Hughes
et al., 2012; Peteiro et al., 2016; Stévant et al., 2017),
Latin America, Chile (Buschmann et al., 2014; Camus
et al., 2016), Brazil (Pellizzari & Reis, 2011) and parts
of Africa (Msuya, 2011). Additionally, there is a call
for proposals for the installation of seaweed farms in
the USA (ARPA-e, Mariner, 2016). Taken together,
these developments should boost commercial sea-
weed farming in the countries in the west, in parti-
cular Europe and the USA.

One of the key differences between the farming-
oriented production strategies developed in the
Orient as compared with Western fisheries is that
there is a higher demand in the Orient for edible
seaweeds, which generate higher revenues than the
macroalgal sources for the polysaccharide industry in
the developed countries (Hafting et al., 2015). Use of
the biomass for biofuel would generate even smaller
revenues per tonnes, even though the scale of
demand for biofuel feedstock would be huge. The
revenues from the biomass could be increased, how-
ever, through multiple products in a biorefinery sce-
nario (Camus et al., 2016).

As identified in the gap analysis, additional impe-
diments to large-scale commercialization of the farm-
ing of seaweeds include insufficient knowledge of
critical aspects of seaweed biology, physiology and
reproduction - knowledge essential for the sustain-
able farming of a larger diversity of seaweeds. One
example of this is the pivotal discovery of the con-
chocelis-phase of Pyropia, which allowed for the
commercialization of a huge seaweed industry
(video accessed 27.5.2017, https://www.youtube.com/
watch?v=3PCxnwhxdXM). Similarly, Professor C.K.
Tseng in China worked to resolve the heteromorphic
life history of kelp (Laminariales), which then led to
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the industrialization of seeding lines of species from a
range of genera, including Saccharina, Undaria and
Alaria (Tseng & Fei, 1987). Further issues facing
marine farming that need to be challenged include
algal diseases, epibionts and grazers which can reduce
the productivity of the crop and quality of the derived
products (Kuschel & Buschmann, 1991; Fletcher,
1995; Neill et al., 2008; Cottier-Cook et al., 2016).
Other relevant issues requiring attention are related
to genetic conservation and management strategies.
As shown in Fig. 3, large scientific investments are
needed to determine the ecological effects of climate-
related chemical, ecological and biological (e.g. inva-
sive algae) processes that may impact the seaweed
industry (Harley et al., 2012; Ji et al., 2016; Krueger-
Hadfield et al, 2017). The R&D on preserving the
genetic diversity of some seaweed species, even the
most commonly cultivated (Guillemin et al., 2008;
Halling et al., 2013), is also far from being complete
(Valero et al., 2017). The creation of a germplasm
bank for commercial seaweed species may become an
essential tool to produce better strains while preser-
ving desirable traits and genetic diversity (Barrento
et al., 2016). However, there is also an over-arching
need to incorporate these critical aspects into the
regulations affecting seaweed cultivation, as applied
in different countries. This is especially critical in
regions and countries that already practice a devel-
oped level of exploitation of their seaweed resources.
Policies that allow the enhancement and expansion of
small-scale seaweed aquaculture and the re-popula-
tion of denuded, formerly productive harvest sites are
still needed in many regions. However, these aqua-
culture regulatory changes demand that environmen-
tal and sanitary regulations also change, since they
often do not match the existing fish and shellfish
regulations, as is the case in Chile (Buschmann
et al., 2013).

There is a strong global tendency to study the use of
seaweeds for their beneficial ‘environmental services’,
e.g. inorganic nutrient extraction in eutrophic waters
(Fei, 2004) (Fig. 3) or in places in which intensively
cultured, fed-fish species are the point-source of high
levels of dissolved nutrients in the surrounding waters
(Chopin et al., 2001; Neori et al., 2004; Neori, 2016). In
those regions where seaweed aquaculture is a large,
developed economic activity (e.g. China), it has been
shown that seaweed farming can act as a nutrient-sink,
helping with the control of phytoplankton blooms
(Yang et al, 2015b). However, there has yet to be a
demonstration that seaweeds and their cultivation
technologies are a tool for coastal bioremediation if
integrated into a business model which enhances both
the production and value of the cultivated algal bio-
mass (Neori et al., 2007; Chopin et al., 2012). A non-
political, international body such as the International
Society for Applied Phycology (ISAP) or the
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International Seaweed Association (ISA) could create
an organization in which the different needs, develop-
ments and knowledge are collected and made accessi-
ble to all stakeholders. Workshops, extension services
and demonstration, pilot-scale farms and processing
units should be a next step in the right direction.
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