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Chapter 2
Alginate Production from Marine Macroalgae, 
with Emphasis on Kelp Farming

César Peteiro

Abstract Alginates are produced industrially from marine macroalgae (also called 
seaweeds) belonging to the taxonomic group of brown algae (phylum Ochrophyta, 
class Phaeophyceae). In particular, the seaweeds commonly known as kelps (order 
Laminariales) are the most widely exploited worldwide as raw materials for alginate 
production. Alginophytes (i.e. alginate-yielding seaweeds) are mainly harvested 
from wild populations, although some of the raw material that is used in the alginate 
industry comes from the cultivation of the kelp Saccharina japonica. The demand 
for alginate production has increased over time, and it is likely to increase signifi-
cantly in the future, particularly for the use of alginates in current and future bio-
medical and bioengineering applications. However, alginophyte resources are 
limited, and the natural kelp resources have declined worldwide in recent years. 
One way to meet the current and future demands of alginate-using industries is to 
encourage alginate production via kelp farming. The mariculture of the kelp S. 
japonica has already been well developed in Asia, and the cultivation of other kelp 
species is currently also being attempted in Europe and the Americas. This chapter 
provides an overview of seaweeds as a feedstock for alginate production, with 
emphasis on kelp farming to ensure a sustainable supply of alginates required for 
many applications. It describes the major stages for the cultivation of Saccharina 
and any other kelp, as well as the economic and environmental benefits of integrated 
kelp aquaculture to produce alginates, in addition to other value-added products.
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2.1  Introduction

Alginate, also called algin, is the generic name for the salts of alginic acid or any of 
the derivatives of this compound. It belongs to the family of linear unbranched poly-
saccharides, which consists of binary copolymers of β-D-mannuronic acid (M) and 
α-L-guluronic acid (G) units linked together by 1 → 4 glycosidic bonds (see repre-
sentation of the two monomeric units of alginic acid in Fig. 2.1). The monomers are 
mainly arranged in sequences of homopolymeric blocks (MM and GG blocks) and 
heteropolymeric blocks (MG or GM blocks) [1–3]. The block types and their respec-
tive chair conformations are shown in Fig. 2.2. The monomer sequence distribution 
in the copolymer gives rise to a flat ribbonlike structure for the MM blocks, a buck-
led ribbonlike structure for the GG blocks and a helix-like structure for the MG or 
GM blocks. The differences in conformation are due to the existence of a linkage in 
diequatorial position for the MM blocks, a linkage in diaxial position for the GG 
blocks and an equatorial/axial or axial/equatorial linkage for the MG or GM blocks, 
respectively. The linkage in the block structure results in varying degrees of stiffness 
or flexibility in alginates due to a greater or lesser hindrance of rotation around the 
glycosidic bonds. The polymer chains of alginates containing predominantly GG 
blocks are stiffer and possess a more extended chain conformation than those con-
taining MM blocks, which in turn are stiffer than MG or GM blocks (i.e. the relative 
flexibility increasing in the order G block < M block < MG or GM block) [4–6].

Alginate structure depends fundamentally on the monomer composition, sequen-
tial structure and molecular weight of the polymeric chain. These structural param-
eters affect the chemical and physical properties of alginate, and these properties in 
turn have both biological and industrial significance [7–9]. Generally, chemical 
structure of alginate is typically described by the frequencies of monads (one mono-
mer unit: M or G), dyads (blocks containing two monomer units: MM, GG, or 
MG = GM) and sometimes triads (blocks containing three monomer units: GGG, 

Fig. 2.1 Representation of 
Haworth conformation 
(left-hand side) and chair 
conformation (right-hand 
side) of the monomers in 
alginate chains
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MGM, or GGM = MGG) [10–14]. The monad frequencies (FM and FG), the dyad 
frequencies (FMM, FGG and FMG = FGM) and the triad frequencies (FGGG, FMGG and 
FGGM, = FMGG) are preferably expressed as a mole fraction [15–17], although it has 
previously been reported as a percentage [8, 15, 18]. In addition, commercial algi-
nate is traditionally characterized by the ratio of mannuronic to guluronic acid 
(M/G), which is also currently estimated from monad frequencies [3, 17, 19]. These 

Fig. 2.2 Principal block structures in alginate chair conformation: M block, G block and MG or 
GM block
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key structural elements of alginate are obtained by applying various methods (for 
more details, see review in ref. [15]). Among all techniques used for the description 
of alginates, proton nuclear magnetic resonance (1H–NMR) spectroscopy is the 
most accurate method currently employed to determine both the composition and 
sequential structure of alginates.

One of the most important and useful properties of alginates is their ability to 
form gels and stabilize emulsions in the presence of certain metal cations, particu-
larly divalent cations such as calcium (Ca2+), through a cross-linking reaction [20–
22]. This ability is conventionally described in terms of the so-called “egg-box” 
model proposed by Grant and co-workers [20]. According to this model, the diva-
lent cations are embedded into cavities formed naturally by two adjacent polymer 
chains containing GG blocks in a helical conformation. The alginate chains thereby 
adopt a structure that resembles an “egg-box”, hence the name given to this model. 
The mechanism for the alginate gelation may involve the ionic-bonding interaction 
of cations with carboxyl groups and the hydrogen-bonding interaction of these 
cross-linking agents with oxygen atoms, in both cases between the guluronic acid 
blocks of two adjacent polymer chains [5, 21, 22]. The alginate gelation process 
with divalent calcium cations is depicted in Fig. 2.3.

Alginate gel formation is mainly dependent on the type and concentration of 
cross-linking agents, as well as the composition, sequence and polymer chain length 
of the alginate; these features determine the physical properties of the gels formed 
[23–25]. For example, the binding affinity of alginates for different divalent cations 
has been shown to increase in the following order: barium (Ba2+)  >  strontium 
(Sr2+) > calcium (Ca2+) > magnesium (Mg2+), as well as increasing with the density 
of the crosslinkers. In addition, alginates with a high guluronic acid (G) content 
display a higher affinity towards these crosslinkers than do alginates with high man-
nuronic acid (M) content [20, 25–27]. Essentially, gel strength and viscosity are the 
two most important physical properties used to assess the gelling capability of algi-
nates [23, 28, 29]. While the gel strength is mainly dependent on the content and 
length of the guluronic acid (G) in the alginate [26, 28, 30], the viscosity of an 
alginate solution is directly determined by the alginate concentration and the chain 
length of the alginate polymer, which is proportional to its molecular weight [17, 
31, 32]. Generally, alginates rich in guluronic acid are known to form strong but 
brittle gels, whereas those rich in mannuronic acid or mixed sequences form weaker 
but more flexible gels [27, 33, 34]. Thus, gel strength has also been shown to 
increase in the order of GG block > MG block > MM block [26, 27].

The physical and chemical properties vary considerably among different com-
mercial alginates. This natural variability in alginates provides a wide range of func-
tional properties that determine their use in specific applications and thus also their 
commercial value [8, 9, 34]. Furthermore, enzymatic and chemical modifications 
have been used to manipulate the composition, sequential structure and molecular 
weights of alginates, and their derivatives exhibit novel or improved functional 
properties for specific high-value applications [35–37].

Alginate was discovered in 1881 by the British pharmacist Stanford [38, 39], and 
it has since become one of the most useful and versatile polymers, used in a wide 
range of industries. Because of their gelling, thickening, emulsifying and stabilizing 
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properties, alginates have been commonly employed in the food, textile printing, 
papermaking and pharmaceutical industries, as well as for many other purposes. 
Alginates are especially important in the food and beverage industry, in which they 
are used as food additives or functional food ingredients in a vast array of different 
dairy products [9, 33, 40]. Alginates are internationally accepted food additives and 
are therefore explicitly listed as human food ingredients by the European Union 
(EU) and as “generally recognized as safe” (GRAS) by the US Food and Drug 
Administration (FDA), as well as being recognized as such in the United Nations 

Fig. 2.3 Schematic representation of the egg-box model for calcium alginate gelation. (a) 
Illustration of the binding of polymer chains and (b) the formation of junction zones in alginate gels
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Codex Alimentarius (Latin for “Food Code”) established by the Food and Agriculture 
Organization (FAO) and the World Health Organization (WHO). In particular, the 
reference codes of the European Union for the different alginates used in the food 
industries are E400 (alginic acid), E401 (sodium alginate), E402 (potassium algi-
nate), E403 (ammonium alginate), E404 (calcium alginate) and E405 (propylene 
glycol alginate, usually abbreviated as PGA) [15, 40].

More recently, the alginates have found a wide variety of applications in bio-
medical and bioengineering fields. The interest in and use of alginates for biomedi-
cal applications has expanded considerably in recent years because of alginates’ 
unique and favourable properties such as gelling capacity, biocompatibility, biode-
gradability and lack of toxicity as well as their biological and pharmacological 
activities [7, 8, 41]. The current biomedical applications of alginates are the focus 
of this book, and an updated and detailed review of the subject may be found in the 
different chapters. Although the food and textile uses are still the most important 
markets worldwide for alginates, there are growing markets in the bioscience, bio-
engineering and medical fields. The demand for alginate production has increased 
during recent years, and it is likely to increase significantly in the future, particu-
larly for their use in current and future biomedical and bioengineering applications 
worldwide [42–44].

Alginates occur naturally as a major structural component in marine macroalgae 
(also called seaweeds) belonging to the taxonomic group of brown algae (phylum 
Ochrophyta, class Phaeophyceae) [42, 44, 45] and are also produced as extracellular 
polysaccharides (exopolysaccharides) by some bacteria belonging to the genera 
Pseudomonas and Azotobacter [46–48]. Currently, all commercial alginates are 
produced solely from brown seaweeds [43, 44] because most species contain large 
amounts of alginate [44, 49, 50] and because of the availability of seaweed resources, 
as they can be harvested from natural populations and farmed in the sea [42, 51, 52]. 
The industrially most important seaweeds used worldwide for alginate production 
are the species commonly known as kelp (order Laminariales) [42–44]. This review 
focuses on the source of seaweed alginate, the process for alginate extraction and 
the availability of seaweed resources and their exploitation. It also summarizes the 
techniques that have been developed for the commercial-scale farming of kelps as 
well as describes the important environmental benefits associated with their 
cultivation.

2.2  Alginate Production from Marine Macroalgae

2.2.1  Seaweeds Used as Alginate Sources

The term algae (singular, alga) is commonly used to refer to a large and diverse 
group of aquatic photosynthetic organisms that can grow in marine, brackish and 
freshwater environments. Based on morphology and size, algae are generally 
grouped into two categories: macroalgae and microalgae. Macroalgae are 
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multicellular forms, often with plant-like structures, ranging in length from a few 
millimetres up to 50 m, which typically live on hard-bottom substrates (i.e. benthic) 
of coastal marine habitats. In contrast, microalgae are unicellular or simple forms 
with a size range of a few micrometres up to hundreds of millimetres, which typi-
cally grow suspended in water [53, 54]. Marine macroalgae, so-called seaweeds, are 
classified primarily on the basis of their photosynthetic pigment composition into 
three different phyla (taxonomic groups): Ochrophyta (brown algae), Rhodophyta 
(red seaweed) and Chlorophyta (green algae) [55]. For example, the presence of the 
pigment fucoxanthin is responsible for the characteristic yellow-brown colour of 
brown algae. In addition, these taxonomic groups also differ in many ways, particu-
larly in their morphology, life history, storage compounds and cell wall polysac-
charides [53, 54].

Alginate is characteristically present in most or all species of brown algae, which 
belong to the class Phaeophyceae (phylum Ochrophyta, formerly named 
Phaeophyta), as a structural component of the matrix of the cell wall and intercel-
lular regions. In these seaweeds, alginate is found in the form of insoluble mixed 
salts of alginic acid, mainly with calcium and to a lesser extent with sodium, potas-
sium, and magnesium, strontium and barium, among other ions naturally found in 
seawater [1, 56, 57]. Its biological function is primarily skeletal, giving the algae 
both the mechanical strength and the flexibility necessary to withstand the force of 
the sea. Indeed, functional differences in the alginate content and structure of sea-
weeds have been reported. For example, the seaweeds growing in more wave- 
exposed habitats have alginates with higher mannuronic acid content than those in 
wave-sheltered habitats, providing greater flexibility to withstand the wave action 
[58–60]. It has also been observed that the part of the thallus (plural, thalli) that 
attaches the algae to a hard substrate (the so-called holdfast) contained more gulu-
ronic acid than in the rest of the thallus, giving it more rigidity and thereby affixing 
it more firmly to the rock [59–61]. In addition, alginate plays important roles in high 
ion-exchange equilibrium with seawater as well as functioning in retarding desicca-
tion when the seaweeds are exposed to the air during low tide [56, 57, 62].

Brown seaweeds of the class Phaeophyceae (Ochrophyta) and in particular some 
species of the orders Laminariales and Fucales (commonly known as kelps and 
fucoids, respectively) have large amounts of alginate, comprising up to 55% of their 
dry weight (Table 2.1). Both kelps and fucoids are the largest and most structurally 
complex brown seaweeds. Generally, and in particular in kelps, the body or thallus 
of the macroalgae consists of a holdfast (root-like), stipe (stem-like) and blade 
 (leaf- like) (see Fig. 2.4, in which some kelp species are illustrated). At present, com-
mercial alginates are produced mainly from brown seaweeds of the genera 
Laminaria, Saccharina, Lessonia, Macrocystis, Durvillaea, Ecklonia and 
Ascophyllum [42, 43] (Fig. 2.4). Specifically, the industrially most important algi-
nate-yielding species (alginophytes) are currently the kelps (Laminariales) 
Macrocystis pyrifera, Laminaria hyperborea, Laminaria digitata, Saccharina 
japonica, Lessonia nigrescens species complex, Lessonia trabeculata, Ecklonia 
arborea and Ecklonia radiata as well as the fucoids (Fucales) Durvillaea potatorum 
and Ascophyllum nodosum [42, 43] (more information on these alginophyte 
resources will be described in Sect. 2.2.3).
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Tables 2.1 and 2.2 present the alginate yield and chemical composition of the 
main kelp and fucoid species used worldwide for alginate production. These param-
eters vary considerably between and within brown seaweed species. Based on these 
data, the highest levels of alginate are found in Durvillaea potatorum and 
Macrocystis pyrifera, in which alginate represents up to 55% and 45% of the dry 
seaweed weight, respectively, while the lowest levels are in Ascophyllum nodosum 
and Laminaria hyperborea, in which alginate represents 12% and 13% of the dry 
weight. Regarding structural parameters, Lessonia trabeculata and Laminaria 
hyperborea have the highest fraction of guluronic acid (M/G ratio of <1), while the 
lowest proportions of guluronic acid are observed in Durvillaea potatorum and D. 
antarctica and to a lesser extent in Saccharina japonica, Macrocystis pyrifera and 
Ascophyllum nodosum (all with M/G ratios of >1.5). Brown seaweeds are well 
known to exhibit some seasonal variation both in alginate chemical structure and 
alginate content, which can be higher or lower depending on the species [49, 50, 
75]. For example, the content of alginate in Macrocystis pyrifera is highly variable 
throughout the year, in contrast to that in Laminaria digitata, which is much more 
stable (Fig. 2.5). Similarly, there may also be seasonal differences in the structural 
characteristics of alginate, as in the case of Saccharina latissima, whose M/G ratio 
varies seasonally. However, there is hardly any variation in the M/G ratio over the 

Table 2.1 Alginate yields from the brown seaweeds used for industrial production

Seaweed species

Alginate content 
(DW) Country of 

origin Sampling month ReferencesRange Mean

Macrocystis pyrifera 26–37% n.d. Mexico Feb.–Nov. 
(monthly)

[63]

18–45% n.d. Chile Year-round [50]
Laminaria digitata 18–26% n.d. United 

Kingdom
Year-round [60]

16–36% n.d. Denmark Year-round [64]
Laminaria 
hyperborea

14–21% n.d. United 
Kingdom

Year-round [60]

Saccharina japonica 15–20% n.d. China Mar., Apr., May [65]
17–25% n.d. Japan Mar.–Oct. 

(monthly)
[66]

Saccharina latissima 16–34% n.d. Denmark Year-round [64]
Lessonia trabeculata 13–29% n.d. Chile Jul. [67]
Ecklonia arborea 24–28% n.d. Mexico Feb., May., Aug., 

Nov.
[63]

Durvillaea potatorum n.d. 55% Australia Mar. [68]
n.d. 45% New Zealand n.d. [69]

Ascophyllum 
nodosum

12–16% n.d. Russia Apr., Aug., Dec. [70]

Alginate yield based on the dry seaweed weight (DW). Data obtained from the seaweed thallus and 
using similar alginate extraction methods
n.d no available data
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course of a year in species such as Laminaria digitata (Fig. 2.6). The seasonal vari-
ability of alginate is related mainly to seasonal changes in temperature as well as to 
nutrient and light availability, most often influencing seaweed growth [76–78]. It 
has been reported that the highest values of alginate in some kelps and fucoids occur 
in the summer months [49, 50, 70]. However, in general, it appears that there is no 
overall pattern of seasonal variation, and the same applies to the composition of 
alginates. Thus, it is essential to know the seasonal composition of alginates in 
brown seaweeds in order to determine the optimal harvesting time by which to 
obtain not only higher quantities but, above all, alginates of better quality, i.e. those 
with high G content.

Nevertheless, alginate content and structure also depend on the age and part of 
the seaweed used [50, 59, 61] as well as on the environmental conditions of the 
habitat in which the seaweed grew [58, 59, 64]. In general terms, thalli from older 
seaweeds are richer in mannuronic acid than those from younger specimens [17, 
33]. In addition, compared with the blades, the stipes of kelp species generally con-
tain a higher amount of alginate rich in guluronic acid [62, 75, 79]. Indeed, the 
highest content of guluronic acid in alginate is obtained from stipes of the kelps 

Table 2.2 Composition and sequence of alginates obtained from various brown seaweeds

Seaweed species
Composition Sequence Country 

of origin ReferencesFM FG M/G FMM FGG FMG, GM

Macrocystis pyrifera 0.62 0.38 1.63 0.42 0.18 0.20 Mexico [10]
Laminaria digitata 0.59 0.41 1.43 0.43 0.25 0.16 Norway [17]
Laminaria 
hyperborea

0.45 0.55 0.81 0.28 0.38 0.17 n.d. [17]

Laminaria 
hyperborea (stipe)

0.32 0.68 0.47 0.20 0.56 0.12 n.d. [17]

Saccharina japonica 0.65 0.35 1.85 0.48 0.18 0.17 China [71]
Saccharina latissima 0.45 0.55 0.82 0.33 0.43 0.12 Norway [72]
Saccharina 
longicruris

0.41 0.59 0.69 0.07 0.25 0.34 Canada, 
May

[16]

Lessonia nigrescens 
species complex

0.59 0.41 1.43 0.40 0.22 0.19 n.d. [13]

Lessonia trabeculata 0.38 0.62 0.61 0.21 0.47 0.15 Chile [58]
Lessonia trabeculata 
(stipe)

0.22 0.78 0.28 0.10 0.67 0.11 Chile [73]

Ecklonia arborea 0.52 0.48 1.08 0.37 0.33 0.15 Mexico [10]
Ecklonia maxima 0.55 0.45 1.22 0.32 0.22 0.32 n.d. [15]
Durvillaea potatorum 0.76 0.24 3.17 0.58 0.06 0.18 New 

Zealand
[69]

Durvillaea antarctica 0.68 0.32 2.15 0.51 0.16 0.17 n.d. [13]
Ascophyllum nodosum 0.61 0.39 1.56 0.46 0.23 0.16 n.d. [74]

Structural parameters determined by proton nuclear magnetic resonance (1H–NMR) spectroscopy. 
Data were obtained from the same tissue type, the thallus (except where specified), and using 
similar alginate extraction methods
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Lessonia trabeculata (FG of 0.78) and Laminaria hyperborea (FG of 0.68) 
(Table. 2.2). Thus, alginate companies produce guluronic acid-rich alginates (desig-
nated high G) prepared from stipes of these species [43]. As mentioned above, 
 differences in alginate composition in relation to the hydrodynamic environment of 
the seaweeds have also been reported [58–60].

2.2.2  Alginate Extraction from Seaweeds

Various commercial types or forms of alginate (sodium alginate, potassium algi-
nate, ammonium alginate, magnesium alginate, calcium alginate and propylene gly-
col alginate, commonly abbreviated as PGA) are prepared from brown seaweeds 

Fig. 2.5 Seasonal variation in alginate content of the brown seaweeds Macrocystis pyrifera (MP), 
Saccharina latissima (SL) and Laminaria hyperborea (LH) (Data from Refs. [49, 50])
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[80]. All these derivatives of alginic acid are industrially produced following the 
same manufacturing process that will be described here based on sodium alginate 
extraction. The process of alginate extraction from seaweeds is based on the conver-
sion in an alkaline medium of the water-insoluble mixed salts of alginic acid from 
algal cell wall matrix to water-soluble salts, normally sodium alginate, followed by 
precipitation and purification [42, 81, 82]. This conventional procedure for alginate 
extraction has been well studied during the last decade to optimize the yield and 
quality of alginate for various applications [81, 83, 84]. Today, it is commonly used 
in the industry to produce alginates from brown seaweeds [42, 80].

The following will present in detail each of the steps constituting the process of 
producing seaweed alginate. The alginate extraction procedure is schematically 
illustrated in Fig. 2.7. Generally, it consists of three major steps: (1) pre-extraction, 
(2) neutralization and (3) precipitation/purification [42, 81, 82].

In the first step, the seaweeds (usually dried) are washed with distilled water and 
then ground to speed up the chemical reactions for the extraction of alginic acid. 
Further, 0.1% formaldehyde solution may be added in order to avoid pigments in 
alginate; this has been seen to increase the alginate yield. The milled algal biomass 
is then dissolved and stirred with a dilute mineral acid up to pH 4 (usually hydro-
chloric acid (HCl) or calcium chloride (CaCl2) at 0.1–0.2 M) to remove counter ions 
(Ca2+, Na+, Mg2+, Sr2+, etc.) of algal alginate by ion exchange with protons from the 
acid [81, 85]. The acid treatment is also effective in removing potential contami-
nants or impurities (fucoidans, laminarins, proteins and polyphenols), leading to a 
higher final yield and purity of alginate. In addition, 85% ethanol can be used to 
extract pigments and proteins in this process [16]. This pretreatment is often 
repeated several times to ensure full extraction of alginic acid. At the end of this 
process, the supernatant (residual algal particles) is eliminated [81, 85].

Fig. 2.6 Seasonal variation in mannuronic to guluronic acid ratios (M/G) of alginate from the 
brown seaweeds Saccharina latissima (SL) and Laminaria digitata (LD) (Data from Ref. [64])
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Fig. 2.7 Schematic flow chart of the process of extracting sodium alginate and other forms of 
alginates from seaweeds
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In the second step, the insoluble alginic acid in the seaweed-water mixture is 
brought to pH 9–10 with an alkaline solution (usually sodium carbonate (Na2CO3) 
or sodium hydroxide (NaOH)) to form water-soluble sodium alginate. In this pro-
cess, the mixture is mechanically stirred, and the temperature is maintained at 
60–80 °C. The insoluble algal residues are removed by extensive centrifugation and 
subsequent filtration (up to 0.2 μm pore size), thereby obtaining the sodium alginate 
in aqueous solution [16, 81].

In the third step, the sodium alginate solution can be precipitated into sodium 
alginate, calcium alginate or alginic acid by the addition, respectively, of alcohol 
(usually ethanol (C2H6O)), calcium chloride (CaCl2) and hydrochloric acid (HCl). 
These three methods are therefore known as the sodium alginate process or ethanol 
route, the calcium alginate process or CaCl2 route and the alginic acid process or 
HCl route [42, 81, 85]. The sodium alginate precipitated via the ethanol route is 
obtained directly by the addition of ethanol, and it is separated by solvent extrac-
tion/evaporation. The CaCl2 route first produces a precipitated calcium alginate that 
is isolated by sieving and rinsed with distilled water to remove the excess calcium. 
It is then converted to alginic acid by acid treatment, generally using hydrohydro-
chloric acid (HCl) as described above in the first step. The HCl route directly yields 
alginic acid, which is separated from the solution by simple flotation and centrifuga-
tion. The resulting alginic acid can also be reconverted by alkaline neutralization to 
any of the commercial forms of alginate in the same manner as described in the 
second step. Specifically, sodium carbonate (Na2CO3), potassium carbonate 
(K2CO3), ammonium carbonate ((NH4)2CO3), magnesium carbonate (MgCO3), cal-
cium carbonate (CaCO3) or propylene oxide (C3H6O) is added in order to obtain the 
following alginates, respectively: sodium alginate (Na-alginate), potassium alginate 
(K-alginate), ammonium alginate (NH4-alginate), magnesium alginate 
(Mg-alginate), calcium alginate (Ca-alginate) and propylene glycol alginate (PGA). 
Finally, all alginates form a paste that is separated, dried and milled. Commercial 
alginates produced specifically for biomedical purposes (e.g. ultrapure and amito-
genic alginates) are prepared using more rigorous extraction processes to remove 
any biological and inorganic impurities, and companies consider these processes 
confidential. However, the alginates obtained from the described methods usually 
contain some impurities, making them unsuitable for some biomedical applications. 
In this case, an alternative extraction method using barium ions (Ba2+) is used in the 
precipitation process due to their high binding affinity and selectivity towards algi-
nates. Subsequently, the Ba2+ from the alginate is exchanged for sodium ions to 
form sodium alginate, which can be precipitated using ethanol [36].

It is known that the alginate extraction process can influence the yield and chemi-
cal compositions as well as rheological properties of the isolated alginates [42, 81, 
85]. To illustrate these effects, Table  2.3 summarizes the comparative results of 
three precipitation methods in the process of alginate extraction from the brown 
seaweed Macrocystis pyrifera. According to these data, the sodium alginate process 
or ethanol route gives the highest yield and rheological properties of alginates, 
although very similar results can be obtained from the alginic acid process or HCl 
route. Clearly, the calcium alginate process or CaCl2 route results in an alginate with 
poor viscoelastic properties and low toughness [85].
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Overall, it is also important to control both pH and temperature during all extrac-
tion processes to improve the yield and quality of the alginate obtained. For exam-
ple, it is well known that acid treatment at a pH lower than 4 may break bonds of the 
polymer chain, decreasing the alginate viscosity [81, 84, 85]. In addition, it has been 
shown that high temperatures (higher than 80 °C) and longer extraction processes 
increase yield but decrease viscosity [81, 84].

2.2.3  Alginophyte Resources Worldwide

Brown seaweeds have been worldwide resources for alginate extraction since indus-
trial alginate production began in 1929 in California, USA, shortly thereafter, begin-
ning in 1939  in several European countries and Japan and, more recently in the 
1980s, in China [42, 43, 81]. Currently, the alginate industry is concentrated into 15 
factories in 6 different countries (China, the USA, the United Kingdom, Japan, 
Chile and Germany), and most of these factories are now in China (see compilation 
in ref. [86] for more details on commercial companies selling alginates). According 
to the latest available data for 2009, the world market for alginates is approximately 
26,500 tons (dry weight), with an estimated sale value of US$ 318 million annually 
[43]. Alginate production worldwide is derived from seaweed resources, most of 
which are harvested from the wild, except in China, where seaweed is sourced 
mostly from aquaculture [42, 43, 81].

Although there are over 2000 species of brown seaweeds (phylum Ochrophyta, 
class Phaeophyceae) [55], only some species of the orders Laminariales and Fucales 
(kelp and fucoid) are exploited worldwide as raw material for alginate production. 
It is estimated that there currently are at least 38 species of kelps and fucoids grown 
in 24 countries that are used worldwide to produce alginates [51, 52, 87]. A list of 
alginate-yielding seaweeds (or alginophytes) and their countries of origin is pro-
vided in Table 2.4, which includes the full names of the species and their taxonomic 
classifications (updated). However, many of these seaweeds are harvested from 
small local stocks and are therefore not available on the international market. In 
addition, some seaweed species (e.g. Sargassum species) are only used occasionally 
for alginate production, when the main commercial sources are unavailable, because 
their alginate is usually judged to be of “borderline” quality [42, 43]. Thus, the 

Table 2.3 Yields and properties of alginate obtained from the seaweed Macrocystis pyrifera using 
three precipitation methods in the alginate extraction process

Precipitation 
methods

Extraction yield Composition Sequence Molar mass Viscosity
(% DW) M/G FGG Mw (kg/mol) [ŋ] (mL/g)

CaCl2 route 28 1.045 0.730 75 160
HCl route 27 1.295 0.675 220 505
Ethanol route 33 1.170 0.690 297 575

Data from Ref. [85]. Alginate yield based on the dry weight of the seaweed samples (DT). If there 
are several values from different samples, the average is shown
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Table 2.4 Species of brown seaweeds used in various countries for alginate production

Seaweed species (arranged by order and family) Country

Order: Laminariales
Family: Laminariaceae
Macrocystis pyrifera (Linnaeus) C.Agardh 1820 PE, CL, MX, US, CA, 

NZ
Laminaria digitata (Hudson) J.V.Lamouroux 1813 FR, IS, DK
Laminaria hyperborea (Gunnerus) Foslie 1884 ES, FR, IE, NO, RU
Laminaria longipes Bory 1826 RU
Laminaria ochroleuca Bachelot de la Pylaie 1824 ES
Saccharina angustata (Kjellman) C.E.Lane, C.Mayes, Druehl & 
G.W.Saunders 2006

JP, RU

Saccharina bongardiana (Postels & Ruprecht) Selivanova, Zhigadlova 
& G.I.Hansen 2007

RU

Saccharina cichorioides (Miyabe) C.E.Lane, C.Mayes, Druehl & 
G.W.Saunders 2006

RU

Saccharina gurjanovae (A.D.Zinova) Selivanova, Zhigadlova & 
G.I.Hansen 2007

RU

Saccharina japonica (Areschoug) C.E.Lane, C.Mayes, Druehl & 
G.W.Saunders 2006

CN, KR, JP, RU

Saccharina latissima (Linnaeus) C.E.Lane, C.Mayes, Druehl & 
G.W.Saunders

ES, FR, RU, CA

Family: Lessoniaceae
Lessonia nigrescens Bory 1826 CL, PE
Lessonia trabeculata Villouta & Santelices 1986 CL
Lessonia berteroana Montagne 1842 CL, PE
Lessonia spicata (Suhr) Santelices 2012 CL, PE
Ecklonia arborea (Areschoug) M.D.Rothman, Mattio & J.J.Bolton 
2015

MX

Ecklonia maxima (Osbeck) Papenfuss 1940 ZA
Ecklonia radiata (C.Agardh) J.Agardh 1848 AU, NZ
Order: Fucales
Family: Durvillaeaceae
Durvillaea potatorum (Labillardière) Areschoug 1854 AU
Durvillaea antarctica (Chamisso) Hariot 1892 CL
Family: Fucaceae
Ascophyllum nodosum (Linnaeus) Le Jolis 1863 FR, IE, IS, NO, US, 

CA
Fucus serratus Linnaeus 1753 IE
Fucus vesiculosus Linnaeus 1753 IE
Family: Sargassaceae
Sargassum swartzii C.Agardh Saunders 1820 IN
Sargassum aquifolium (Turner) C.Agardh 1820 PH
Sargassum cinctum J.Agardh 1848 PH
Sargassum hemiphyllum (Turner) C.Agardh 1820 PH

(continued)
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global alginate production worldwide comes from a small number of seaweed spe-
cies, specifically the kelps Macrocystis pyrifera, Laminaria hyperborea, L. digitata, 
Saccharina japonica, Lessonia nigrescens species complex, L. trabeculata, Ecklonia 
arborea, and Ecklonia radiata and the fucoids Durvillaea potatorum and 
Ascophyllum nodosum [42, 43, 80]. These alginophytes, in addition to containing 
large amounts of alginate [43, 44, 51], form dense stands on shallow rocky shores 
commonly referred to as forests or beds. These seaweed species are distributed in 
cold-temperate waters around the world, and as photosynthetic organisms, they are 
restricted to habitats with appropriate light levels, primarily from the intertidal zone 
to a depth of 50 m in the sublittoral zone.

The quantities of alginophytes harvested worldwide in 2009 are summarized in 
Table 2.5, including the main producer countries and the quality or type of alginate 
obtained from seaweed species. These statistics are based on the most up-to-date 
and reliable estimates available [43], but some species names have been updated to 
the current taxonomy [55]. Indeed, recent revision of kelps based on the application 
of molecular techniques has greatly improved the taxonomic understanding of this 
group, resulting changes in the taxonomic identity and nomenclature of some com-
mercialized species. For example, some species of the former Laminaria sensu lato 
have been transferred to the new genus Saccharina, including the cultivated 
Laminaria japonica (now Saccharina japonica) [89]. Lessonia species have also 
undergone taxonomic changes, and the former Lessonia nigrescens is now a species 
complex, i.e. encompassing multiple species that were hidden under a single name. 
Currently, there is genetic evidence of the presence of at least two cryptic species: 
Lessonia berteroana and Lessonia spicata [90, 91]. Moreover, Lessonia flavicans, 

Table 2.4 (continued)

Seaweed species (arranged by order and family) Country

Sargassum ilicifolium (Turner) C.Agardh 1820 PH
Sargassum feldmannii Pham-Hoàng Hô PH
Sargassum paniculatum J.Agardh 1848 PH
Sargassum polycystum C.Agardh 1824 CN, PH, ID, TH
Sargassum siliquosum J.Agardh 1848 PH, VN
Sargassum graminifolium C.Agardh 1820 VN
Sargassum henslowianum C.Agardh 1848 VN
Sargassum mcclurei Setchell 1933 VN
Family: Sargassaceae
Turbinaria conoides (J.Agardh) Kützing 1860 IN
Turbinaria decurrens Bory 1828 IN
Turbinaria ornata (Turner) J.Agardh 1848 IN

Data from Refs. [42, 51, 52, 80, 87, 88]. Full names of species and their taxonomic classifications 
were validated with AlgaeBase [55] and updated when necessary. Country abbreviations: Australia 
(AU), Canada (CA), Chile (CL), China (CN), Denmark (DK), Spain (ES), France (FR), India (IN), 
Indonesia (ID), Ireland (IE), Iceland (IS), Japan (JP), Korea (KR), Mexico (MX), NO (Norway), 
New Zealand (NZ), Peru (PE), Philippines (PH), Russia (RS), Thailand (TH), United Kingdom 
(UK), United States of America (US), Vietnam (VN) and South Africa (ZA)
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which has been reported traditionally in the alginate marketplace [43], actually cor-
responds to either Lessonia nigrescens or L. trabeculata [88, 92]. Finally, all species 
of the genus Macrocystis are now considered taxonomic synonyms of Macrocystis 
pyrifera [93, 94]. Independent of the current taxonomic status of seaweeds, the 
commercial companies selling seaweed or algal products generally continue to 
maintain the commercial names of their raw materials or products [92]. However, an 
adequate specific identification of seaweed species used as alginate sources is 
 particularly important because of effects on chemical compositions and properties 
of the isolated alginate (see Sect. 2.2.1).

Based on data for 2009 from Table 2.5, the world harvest of alginophytes is esti-
mated to be approximately 95,000 tonnes (dry seaweed weight) annually. The main 
alginophytes harvested worldwide are Lessonia and Laminaria, accounting for 65% 
of the total production, followed by Saccharina with 21% of the total. It is worth 
highlighting the drastic reduction in the harvest of Macrocystis and Ascophyllum, 
which were previously important raw materials for alginate production.

In the year 2009, these seaweeds supplied only 2% of the worldwide production, 
down from 58% in 1999 [43]. The reason for this change is the marked decrease in 
the use of these species because their alginate has low guluronic acid (G) content, 
while the current market is demanding alginates with intermediate or high G content 
[43, 81]. These commercial-grade alginates are now mainly used in biomedical 
applications and novel therapies [7, 36, 37], which have increased considerably in 
the last decade and are currently the most profitable, selling at the high end of the 
alginate market [43]. Regarding the kelp Macrocystis, harvesting has also been cur-
tailed for ecological reasons due to concern about potential environmental effects of 
exploitation of kelp forests that provide habitat for many species [43].

Table 2.5 Alginate production from brown seaweeds (alginophytes) in the world

Major alginophytes (species)
Alginate 
typea

Producer 
countries

Harvested 
(tonnes DW)

Contribution to 
total (%)

Macrocystis: M. pyrifera Low G US, MX, 
CL

5000 5

Laminaria: L. digitata and L. 
hyperborea

Med/high G FR, IE, 
UK, NO

30,500 32

Saccharina: S. japonica Med G CN, JP 20,000 21
Lessonia: L. nigrescens 
species complex and L. 
trabeculata

Med/high G CL, PE 31,000 33

Ecklonia: E. maxima Med G ZA 2000 2
Durvillaea: D. potatorum High G AU 4500 5
Ascophyllum: A. nodosum Low G FR, IS, IE, 

UK
2000 2

World total production 95,000 100

Quantities harvested of seaweeds are expressed on the basis of their dry weight (DW). Data yield 
for the year 2009 from Ref. [43] and commercial species used for alginate production from Refs. 
[42, 43, 80]. Seaweed groups and species names were updated to current taxonomy
aType of alginate by measuring the guluronic acid content: low, medium and high. For country 
abbreviations, see Table 2.4
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The world alginate production is mainly produced from seaweed resources in 13 
countries (Table 2.5, Fig. 2.8). Global distribution of alginophytes harvested indus-
trially harvested from wild populations to meet the global demand for the alginate 
industry. Traditionally, harvesting of natural resources has been performed by hand, 
but the demand for larger quantities of seaweeds for alginate production at lower 
costs has led to the development of mechanized harvesters in some areas of 
California, Norway and France. However, alginophyte exploitation is still per-
formed manually in most countries, such as Chile, Peru, Ireland, the United 
Kingdom, South Africa, New Zealand and Australia [42, 88, 95–98]. Macroalgae 
can be harvested manually on the shore by cutting attached seaweeds as well as by 
collecting drift or beach-cast seaweeds. For example, in some parts of Europe, the 
fucoid Ascophyllum nodosum and the kelp Laminaria digitata are cut by hand using 
a small knife at low tide while the seaweed is uncovered or while it remains sub-
merged in less than a metre of water [42, 97]. Durvillaea and Ecklonia in Australia, 
and New Zealand and Lessonia in Chile are collected as drift or beach-cast, where 
they are washed ashore in large quantities by tides and waves [42, 88, 95, 98]. 
Mechanical harvesting using specially designed boats is done in Southern California 
(USA) and Baja California (Mexico) with Macrocystis pyrifera, in Norway with 
Ascophyllum nodosum and in France with Laminaria digitata [42, 99]. The 
Macrocystis forests are harvested using mowers from special ships that are fitted 
with underwater cutter bars at the front or rear that cut the seaweeds at 1 metre 
below the surface and a conveyor belt that moves the biomass into the hold of the 
vessel (Fig. 2.9) [42]. Small, flat-bottomed boats equipped with suction cutters and 
driven by paddlewheels or water jets are used for harvesting Ascophyllum nodosum 
in Norway [42, 99]. Exploitation of Laminaria hyperborea on the coast of Norway 

Fig. 2.8 Worldwide distribution of seaweed resources harvested industrially for alginate produc-
tion (Data from Refs. [43, 81])
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is performed using trawler boats with a cutting dredge that is towed through the kelp 
beds to cut the seaweeds. In France, Laminaria digitata is harvested by boats with 
a hydraulic arm fitted with an iron hook on the end (called a “scoubidou”) that 
rotates to wrap the kelp around itself [42, 99].

It has been demonstrated that kelp harvesting in various parts of the world may 
cause deterioration of natural resources or habitats or disturbance of species [100–
102]. Kelps act as ecosystem engineers or foundation species, providing habitat, 
protection and food for numerous organisms in coastal ecosystems, in the same way 
as terrestrial forests [103, 104]. Over the last several years, there has been an 
increase in governmental control over the exploitation of natural seaweeds popula-
tions to limit their misuse. Some countries, depending on the state of the specific 
resource, allocate harvest quotas and/or establish different management and control 
measures to ensure the conservation of kelp forests and to lower the impact of their 
exploitation on marine ecosystems. Such measures may include establishing fallow 
periods of several years for areas subject to harvest, allowing only the collection of 
the upper part of the thallus from perennial seaweeds, limiting harvesting during 
non-reproductive periods, or even prohibiting the exploitation of endangered spe-
cies and/or those with high ecological value [102, 105, 106]. In addition, kelp for-
ests are also exposed to a range of disturbances of natural and/or anthropogenic 
origins. Particularly in recent years, kelp populations have declined in many areas 
of the world due to environmental stress caused by climate change, among other 
factors, especially by the increase in sea temperature and disruption in the natural 
nutrient availability patterns [107, 108].

Seaweed exploitation in Asia intended for alginate production mainly comes 
from commercial cultivation of the kelp Saccharina japonica (kombu) in China 
[42–44]. Kelp cultivation techniques have been well developed in Japan and China, 
where several Asian species have been cultivated on a large scale since the 1960s 

Fig. 2.9 Vessel for harvesting the kelp Macrocystis pyrifera for alginate production along the 
coast of California (Photo by C. Peteiro)
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[109, 110]. Today, aquaculture in Asia provides almost all of the global production 
of S. japonica, reaching over 900  thousand tonnes dry weight of seaweeds (esti-
mated from fresh weight data) in 2014 [111], of which until now only a small part 
has been used for alginate extraction, but, as we have seen (Table 2.5), accounting 
for more than 20% of world alginate production [43]. Current practices of kelp 
farming in Asia have contributed not only to significantly increasing production to 
meet commercial demands for various uses, including alginate production but also 
to conserving natural populations and the ecosystems that they produce. Recently, 
mariculture of kelp species has also generated great interest in Europe and the 
Americas, as it may lead to increased production for commercial uses and potential 
applications; in addition, it may help protect the kelp forests from overharvesting 
[112–114]. The current limitations on the availability and use of natural kelp 
resources are expected to become the major driving force for the growth and devel-
opment of farming of kelp species for alginate production, as has already been the 
case in Asia. In fact, it is now widely recognized that a transition from seaweed 
extraction to aquaculture is needed to meet the growing demand and to avoid the 
decline or loss of natural populations [115, 116]. At present, cultivation of kelp spe-
cies is currently also being attempted in several countries of Europe and the 
Americas [112–114]. The techniques and biological basis required for full-cycle 
cultivation of Saccharina, as well as for other kelp species, will be described in the 
next section.

2.3  Cultivation of Saccharina and Other Kelp Species

2.3.1  Key Biological Aspects

Kelps are characterized by a heteromorphic life cycle that alternates between a hap-
loid generation formed by microscopic filaments (known as the gametophyte 
because it produces gametes) and a diploid generation formed by a macroscopic 
thallus (called the sporophyte because it produces spores) [117]; the different life- 
history stages are shown in Fig. 2.10. Most kelp species have a perennial (i.e. lasting 
several years) sporophytic phase, during which the sporophyte may reach a length 
of several metres depending on the specific seaweed taxon (e.g. up to 50  m in 
Macrocystis, up to 15 m in Ecklonia, up to 10 m in Durvillaea, up to 4 m in Lessonia, 
up to 5 m in Saccharina japonica, up to 2 m in Laminaria hyperborea and up to 1 m 
in Laminaria digitata [55]).

Large sporophytes are commercially exploited for different uses, such as the 
extraction of alginates [42, 43, 99]. Sporophyte morphology of kelps varies depend-
ing on the species and the environmental conditions in which they grow. However, 
three parts are typically recognized: the holdfast, stipe and blade (described in Sect. 
2.2.1; see Figs. 2.4 and 2.10) [55, 118]. The gametophytic phase, in contrast, con-
sists of slightly branched male and female filaments composed of round-shaped 
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Fig. 2.10 Saccharina life-history stages, which are the same for all brown seaweeds of the order 
Laminariales (kelp)
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cells smaller than 50 μm in diameter. Microscopic gametophytes are a survival strat-
egy for the sporophyte, enabling long-term resistance to adverse environmental 
conditions while it waits to reproduce and form new sporophytes. The filaments of 
gametophytes may remain dormant or grow vegetatively, although their growth is 
generally much reduced [119–121].

Most kelps are distributed along the rocky shores of the Arctic and the cold- 
temperate regions of the Northern and Southern Hemispheres, where temperatures 
are generally below 20 °C. Temperature is therefore a key environmental factor that 
affects not only the distribution of kelp species but also their growth [122–124]. The 
perennial sporophytes of kelps generally exhibit strong seasonality in their develop-
ment with a period of rapid growth during winter and spring and a period of mini-
mal growth during the summer and fall, which coincides with the seasonal 
temperature and nutrient cycles in cold-temperate waters. In winter, temperatures 
are lower, and nitrogen levels are higher. In contrast, temperatures are higher and 
nitrogen levels are often negligible during summer [118, 125]. Another important 
environmental factor influencing the development of kelp sporophytes is water 
movement, which affects nutrient assimilation and gas exchange by determining 
passive transport across the diffusion boundary layer of the algal surface [126].

2.3.2  Background of Kelp Farming

Cultivation practices are rooted in Asia in the eighteenth century, during which dif-
ferent methods were used to expand the populations of edible kelps as a natural 
resource [127, 128]. However, these practices depended entirely on the natural envi-
ronment since there was no control over the biological cycle of these seaweeds. The 
scientific basis for the development of the full-cycle cultivation of Saccharina and 
other kelp species was first established in the middle of the twentieth century, and 
since then, techniques have been established in Asia to obtain seedlings from spores 
under more-or-less controlled laboratory conditions. This Asian technique of seed-
ling production enabled the subsequent development of different types of floating 
rafts for cultivating kelp in the sea, and beginning in the 1960s, commercial kelp 
mariculture extended to different regions of Japan, China and Korea, where it was 
promoted by different governments to meet the demand for human consumption in 
a context of insufficient natural resources [110, 127–129]. Currently, Saccharina 
japonica is the most extensively cultivated kelp species in these countries.

In Europe and the Americas, different cultivation practices were initiated in the 
1980s and 1990s to study the viability of native kelps [120, 130–133]. As an alterna-
tive to the Asian method of seedling production, a European technique was devel-
oped to produce kelp seedlings from gametophyte cultures [120, 134]. Research 
showed that kelp cultivation using simple, relatively low-cost techniques was bio-
logically and technically feasible, but these early attempts at cultivation did not 
continue due to a lack of interest since the available wild kelp stocks were sufficient 
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to meet commercial demand and their exploitation was considered more profitable 
than cultivation. However, there is currently a growing interest in the development 
and optimization of kelp species cultivation in several European and American 
countries; in fact, early cultivation practices have already begun on a commercial 
scale. This change is due to the growing demand for these species for different high- 
value commercial uses as well as the important environmental benefits that their 
cultivation would provide [112, 113]. Marine macroalgae use carbon dioxide and 
nutrients to grow and may thus contribute to the reduction of atmospheric CO2, 
which is a contributing factor to climate change [135–138], and of the amount of 
inorganic waste that is discharged into marine coastal areas [139–142]. In particular, 
seaweed farming is considered to be the basis for the development of sustainable 
aquaculture because they can absorb some of the inorganic nutrients that are pro-
duced, for example, in the aquaculture of mussels and fish [114, 143–148] 
(Fig. 2.11). To date, sea farming has been tested with success for the following kelp 
species: Macrocystis pyrifera in Chile [149]; Laminaria digitata in Ireland [150]; 
Saccharina latissima in several countries in Europe [113], Canada [142] and the 
USA [139]; Saccharina longicruris in Canada [151]; Lessonia trabeculata in Chile 
[152]; Alaria esculenta in Canada [142] and in Ireland [153]; and finally Undaria 
pinnatifida in Japan, China and Korea [110] and in France and Spain [154]. In gen-
eral, the techniques developed for the commercial-scale farming of the kelp 
Saccharina in Asia [109] have been adapted to the cultivation of other kelp species 
in Europe and the Americas [113, 149].

2.3.3  Cultivation Steps and Methods

As with other kelps, full-cycle cultivation of Saccharina consists of two very differ-
ent phases associated with their characteristic life cycle (Fig. 2.10). In the first step 
(laboratory-culture stage), kelp seedlings are produced on strings (commonly 

Fig. 2.11 A bay along the European coast where kelp cultivation (1) occurs along with the cultiva-
tion of mussels (2) and fish (3) (Photo by C. Peteiro)
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known as seed-strings) under controlled environmental conditions in the laboratory, 
and in the second step (sea-culture stage), the seed-strings are attached to ropes on 
floating rafts for cultivation at sea until the sporophytes reach a certain size and are 
harvested. The main steps in kelp farming are summarized schematically in Fig. 2.12 
and described in more detail.

2.3.3.1  Laboratory-Culture Stage

The traditional Asian seedling production method is performed by sowing strings of 
spores extracted from mature kelp sporophytes from natural populations [110, 129]. 
However, an alternative method was developed to culture kelp seedlings from “free- 
living gametophytes” [120, 134], which has important advantages over the tradi-
tional approach, such as the possibility of genetic selection, the creation of clones, 
the cryopreservation of strains and the generation of large quantities of 

Fig. 2.12 Diagram summarizing the steps in kelp farming, which include the production of seed-
lings on strings (laboratory-culture stage) and their subsequent attachment to culture ropes for 
growth in a floating raft culture (sea-culture stage) (Adapted and reprinted from Ref. [113], 
Copyright 2016, with permission from Elsevier)
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gametophytes through vegetative growth that can produce seedlings at any time of 
the year [119]. This method is currently being successfully used to cultivate differ-
ent kelp species in Europe [119, 150, 153], the Americas [151, 155] and in Asia, 
albeit in a more limited way [156, 157]. Given its extensive role in cultivation, the 
production of kelp seedlings from gametophyte cultures is specifically described 
here.

The production of seedling strings under laboratory conditions is divided into 
two phases: a first phase to create a culture of free-living gametophytes maintained 
with aeration under controlled environmental conditions (Fig. 2.13) and a second 
phase where gametophytes are sown on strings and grown in tanks, in which game-
togenesis is induced so that, after sexual reproduction, seedlings develop (Fig. 2.14).

Gametophyte cultures are obtained from the germination of spores extracted 
from the fertile parts (i.e. reproductive structures) of mature sporophytes that are 
generally obtained from natural populations or cultures. The formation of reproduc-

Fig. 2.13 The environmental culture chambers or incubators (above) used to maintain culture 
flasks (bottom left) containing microscopic kelp gametophytes (bottom right), growing under free- 
living conditions (Photos by C. Peteiro)
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tive structures (called sori or sporophylls) in kelp sporophytes can also be induced 
in some species under short-day or long-day photoperiods [158, 159]. Spore germi-
nation and the subsequent development of gametophyte cultures are performed in 
culture flasks containing sterile, nutrient-enriched seawater under environmental 
conditions specific to each kelp species [119, 149, 150, 156]. The entire process is 
carried out in environmental culture chambers or incubators that are designed to 
rigorously control temperature and light (considering irradiance, the light spectrum 
and photoperiod) and to aerate the cultures (Fig. 2.13).

Adequate aeration of free-living gametophytes is maintained by bubbling within 
the culture flasks (Fig. 2.13), which homogenizes light and promotes nutrient avail-
ability in the culture medium. Gametophytes are usually conserved in their dormant 
or slow-growth states, although vegetative growth can be promoted by filament 
fragmentation under specific environmental conditions to increase their biomass. 
However, the growth rate of kelp gametophytes is generally very low, so large quan-
tities of spores are usually obtained and germinated to have sufficient reserves of 
gametophytes [119]. It is important to note that the gametophyte culture also acts as 
a germplasm bank for ex situ kelp conservation, as it can be indefinitely maintained 
in vivo under suitable environmental conditions [119, 121, 160]. Seedlings or early 
sporophytes can be obtained from the gametophyte collections of a germplasm kelp 

Fig. 2.14 Images of the embryogenic tanks (above) where gametophyte reproduction is induced 
after the fertilization of seedling strings (bottom) (Photos by C. Peteiro)
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bank for sea culture and for the repopulation of coastal areas that have been degraded 
by human activities and/or natural processes [161–164].

For indoor production of seedlings, a selection of cultures with a suitable propor-
tion of male and female gametophytes (generally a 1:1 sex ratio) are sprayed onto 
strings that are wound around a rigid coil or frame called a collector. To promote the 
attachment of gametophytes, the strings are pretreated by boiling followed by succes-
sive washes with distilled water, bidirectional sanding and, finally, a surface burn 
using hot air guns to remove any filaments produced by sanding [119, 165]. The col-
lectors with the strings seeded with gametophytes are immersed in embryogenesis 
tanks, in which temperature, light (irradiance, the light spectrum and photoperiod) and 
water movement (by aeration) are under absolute control (Fig. 2.14). In these tanks, 
which contain sterile seawater enriched with nitrates and phosphates, sexual repro-
duction is induced under environmental conditions specific to each kelp species [119, 
149, 150, 156], which allows zygotes to be fertilized, first giving rise to embryos and 
later to seedlings (i.e. early sporophytes) (Figs. 2.10 and 2.14). Generally, seedlings 
are embryos with polystromatic thalli (i.e. composed of many layers of cells) that are 
normally more than 2 mm long, in which the stipe-blade area begins to differentiate.

2.3.3.2  Sea-Culture Stage

To grow young sporophytes in the sea, the seedling strings are primarily attached to 
the culture ropes by two methods (Fig. 2.15). In the first, a continuous string is heli-
cally wound around the culture rope, while in the second, pieces of cut string are 
woven into the structure of the culture rope at regular intervals.

The culture ropes are deployed in the sea in floating culture rafts, the main ele-
ments of which include an anchoring system, a floating structure and culture lines. 
Figure 2.16 shows the different culture rope arrangements that are usually used in 
kelp mariculture [110, 113, 127–129, 149]. The hanging rope culture is used in pro-
tected areas, while the horizontal rope culture is used in the most exposed areas, as it 
better resists strong waves and currents. In horizontal culture, the light is homoge-
neous along the rope; thus, production is greater, and it may be used in shallow areas 
and highly turbid conditions. In the hanging culture, light decreases with depth, so 
growth is irregular. To minimize this effect, this approach is usually used in clear 
water and within the optimal depth range of the species. Culture rafts may be config-
ured to regulate the depth of the culture ropes and thus control light  conditions, so 
rafts can be adapted to the needs of the kelp species or the individual culture.

In Saccharina mariculture in Asia, three different methods have been used: two- 
year cultivation, forced cultivation and cultivation by transplanting [128, 129, 166]. 
Due to the natural biannual growth cycle of these kelps, two-year cultivation requires 
approximately 20 months of cultivation in the sea to obtain sporophytes of com-
mercial size. An alternative method has been developed in Asia that involves the 
production of seedlings during the summer, allowing earlier cultivation and thus 
reducing the growth period in the sea to 10 months to obtain adult sporophytes. This 
method of sea cultivation, termed forced cultivation, expanded rapidly and became 
the main method for the commercial cultivation of Saccharina in Asia. In cultiva-
tion by transplanting, young sporophytes obtained by thinning cultures are normally 
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used in combination with the above cultivation methods to increase Saccharina 
production [128, 129, 166].

The outplanting and harvesting times of kelp cultures vary by species but are mainly 
related to the temperature and nitrogen concentration in the sea (Fig. 2.17). In addition, 
there are important differences in these environmental factors between regions (and 
even localities), which cause variability in outplanting and harvesting periods between 
different areas for the same species. Generally, the cultivation period in cold waters 
starts earlier and has a longer duration with several possible harvests; the cultivation 
period in temperate waters starts later and has a shorter duration with a single final 
harvest [113, 127, 128]. Moreover, in some regions of China where seawater nitrogen 
concentrations are very low, sea fertilization is performed as part of the commercial 
cultivation of Saccharina [167]. Furthermore, the hydrodynamic conditions of the 
growing site are an important factor to consider when determining the most suitable 
locations for kelp cultivation, as they affect culture growth and production. Moderately 
exposed conditions tend to favour increased kelp production [113, 154, 168, 169].

Cultured sporophytes are grown in the sea until they reach commercial size, which 
varies by kelp species (e.g. up to 5 m in length for Saccharina japonica), at which 
time the crop is usually harvested from boats. Harvesting can be performed by means 
of several collections of the larger sporophytes (thinning) or by partially cutting the 

Fig. 2.15 Methods of attaching kelp seedling strings to culture ropes for later sea culture
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apical part of the blade, leaving the basal part, which may regrow apically from the 
basal blade meristem. However, the most common harvesting method is the collec-
tion of all sporophytes when most have reached commercial size [113, 127, 128].

The productivity of kelp cultures varies with the species, cultivation method, 
growing season, environmental conditions at the cultivation site and many other 
factors. However, the approximate average wet weight biomass yield per hectare of 
cultivation on a commercial farm has been, for example, 70 tons fresh weight for 
Macrocystis pyrifera [149], 26 tons for Saccharina japonica [129] and 25 tons for 
Saccharina latissima [169].

2.4  Conclusions and Perspectives

The commercial alginates that have numerous applications are exclusively extracted 
from brown seaweeds, and it is estimated that the global production of alginates pri-
marily involves the exploitation of only 9 seaweed species, of which kelps Lessonia, 

Fig. 2.16 Floating raft culture with different rope arrangements: hanging rope method (vertical 
type or garland type) and horizontal rope method (long-line type) (Adapted and reprinted from 
Ref. [113], Copyright 2016, with permission from Elsevier)

C. Peteiro



57

Fig. 2.17 Time frames for Saccharina latissima mariculture in southern Europe. As with peren-
nial kelp species, sporophyte growth occurs when the sea temperature is lowest and nitrogen avail-
ability is high
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Laminaria and Saccharina are the most commercially important, accounting for 86% 
of the worldwide production. Most of these marine macroalgae are currently har-
vested from native populations (over 80%), while Saccharina farming in Asia pro-
vides the rest of the resources (approximately 20%) for alginate production.

The demand for alginates is expected to increase in the future; however, natural 
resources are limited, and kelp forests are decreasing worldwide. Nevertheless, it is 
expected that the contribution of kelp cultures to global alginate production in the 
coming years will increase in volume and in the number of species used for this 
purpose, which would also provide greater security and stability to the market sup-
ply of alginates, as it would no longer depend on natural populations. Additionally, 
this cultivation would enable alginates of commercial interest to be obtained from 
species whose extraction has not been previously possible due to a lack of available 
natural resources.

Finally, kelp farming provides significant environmental benefits by capturing 
atmospheric carbon and recycling inorganic nutrients from the marine environment. 
Additionally, since kelps have many other applications, the uses of the biomass 
harvested in cultures could be integrated in biofactories so that other products of 
commercial value, besides alginates, could be obtained (Fig. 2.18).

Fig. 2.18 Kelp sea farming scheme to produce alginates as well as other value-added bioproducts 
from the integrated use of the kelp biomass harvested in biofactories (Adapted and reprinted from 
Ref. [113], Copyright 2016, with permission from Elsevier)
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