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Abstract
The effects of dietary macroalgae, or seaweeds, on growth performance and meat 
quality of livestock animal species are here reviewed. Macroalgae are classified into 
Phaeophyceae (brown algae), Rhodophyceae (red algae) and Chlorophyceae (green algae). 
The most common macroalga genera used as livestock feedstuffs are: Ascophyllum, 
Laminaria and Undaria for brown algae; Ulva, Codium and Cladophora for green algae; 
and Pyropia, Chondrus and Palmaria for red algae. Macroalgae are rich in many nu-
trients, including bioactive compounds, such as soluble polysaccharides, with some 
species being good sources of n- 3 and n- 6 polyunsaturated fatty acids. To date, the in-
corporation of macroalgae in livestock animal diets was shown to improve growth and 
meat quality, depending on the alga species, dietary level and animal growth stage. 
Generally, Ascophyllum nodosum can increase average daily gain (ADG) in ruminant 
and pig mostly due to its prebiotic activity in animal's gut. A. nodosum also enhances 
marbling score, colour uniformity and redness, and can decrease saturated fatty acids 
in ruminant meats. Laminaria sp., mainly Laminaria digitata, increases ADG and feed 
efficiency, and improves the antioxidant potential of pork. Ulva sp., and its mixture 
with Codium sp., was shown to improve poultry growth at up to 10% feed. Therefore, 
seaweeds are promising sustainable alternatives to corn and soybean as feed ingre-
dients, thus attenuating the current competition among food- feed- biofuel industries. 
In addition, macroalgae can hinder eutrophication and participate in bioremediation. 
However, some challenges need to be overcome, such as the development of large- 
scale and cost- effective algae production methods and the improvement of algae 
digestibility by monogastric animals. The dietary inclusion of Carbohydrate- Active 
enZymes (CAZymes) could allow for the degradation of recalcitrant macroalga cell 
walls, with an increase of nutrients bioavailability. Overall, the use of macroalgae as 
feedstuffs is a promising strategy for the development of a more sustainable livestock 
production.
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1  |  INTRODUC TION

The growing of global population and increased income is estimated 
to double the overall demand for animal- derived products by 2050 
(FAO, 2007), and the most worldwide consumed meats, pork and 
poultry meat are expected to suffer major impacts. These aspects 
will negatively influence livestock agriculture due to the overex-
ploitation of corn and soybean food crops, which are the two main 
conventional feedstuffs for animal feeding (FAO, 2011). Thus, a 
worsen scenario for land degradation, water deprivation and cli-
mate changes is expected, together with an enhanced competition 
between livestock feed and human food and a scarcity of biofuel 
natural resources. Therefore, more sustainable dietary ingredients 
for livestock and biomass for biofuel production are necessary. 
Macroalgae, commonly named seaweeds or marine algae, represent 
alternatives to conventional feedstuffs (Makkar et al., 2016) and are 
a valuable biofuel resource (Herrmann et al., 2015; Langlois et al., 
2012).

Macroalgae are multicellular algae with high- growth rates, 
classified into three main groups according to their chemical com-
position: Phaeophyceae (brown algae), Rhodophyceae (red algae) 
and Chlorophyceae (green algae). The most common genera in-
clude: Ascophyllum, Laminaria, Macrocystis, Nereocystis, Saccharina, 
Sargassum and Undaria for brown algae; Chaetomorpha, Cladophora, 
Codium and Ulva for green algae; and Chondrus, Gracilaria, Palmaria, 
Porphyra and Pyropia for red algae (Lozano, Wacyk, Carrasco, & 
Cortez- San Martín, 2016; Makkar et al., 2016). The various appli-
cations of macroalgae, including animal feed, human food, phar-
maceutical industries, organic fertilizers, eutrophication inhibition, 
bioremediation and biogas generation (Makkar et al., 2016), can ex-
plain the predominance of algal cultivation overproduction of algae 
collected from the wild in the last decade (FAO, 2016).

The use of macroalgae as feedstuff allows the provision of nu-
merous vitamins, bioavailable minerals, pigments (e.g. carotenoids 
and chlorophylls), phenolic compounds (e.g. phlorotannins), car-
bohydrates, high- quality proteins (Gupta & Abu- Ghannam, 2011a; 
Makkar et al., 2016) and n- 3 and n- 6 polyunsaturated fatty acids 
(PUFA), such as 16:4n- 3, 18:2n- 6, 18:3n- 3, 18:4n- 3 (Cardoso et al., 
2017; Kendel et al., 2015) and, for some algal species, 20:5n- 3 (eicos-
apentaenoic acid, EPA) and 22:6n- 3 (docosahexaenoic acid, DHA) 
(Kendel et al., 2015), to livestock. The deposition of n- 3 PUFA in 
meat can exert health benefits for consumers, such as a decreased 
risk of cardiovascular diseases, conversely to saturated fatty acids 
(Givens, 2009). In addition, the presence of various bioactive com-
pounds on macroalgae with immune-  or growth- stimulating prop-
erties, as well as antimicrobial (i.e. polysaccharides) and antioxidant 
(i.e. α- tocopherol, pigments, polyphenols and vitamin C) activities 
(Gupta & Abu- Ghannam, 2011a; Plaza, Cifuentes, & Ibáñez, 2008), 
can enhance animal growth and meat safety with reduction of anti-
biotic utilization (Evans & Critchley, 2014).

Despite the wide range of seaweed applications, there are some 
challenges related to alga production and digestibility by animals. 
Regarding production, some environmental impacts must also be 

assessed. The use of Integrated Multi- Trophic Aquaculture (IMTA) 
represents a sustainable system for macroalgae production but im-
proved cultivars and cost- efficient farm systems are necessary for 
a large- scale production (Kim, Yarish, Hwang, Park, & Kim, 2017). 
In addition, the application of biorefinery- based production would 
reduce the cost of fuel with maximum utilization of biomass (Balina, 
Romagnoli, & Blumberga, 2017). On the other hand, the presence 
of recalcitrant polysaccharides in macroalgae cell walls with anti- 
nutritional effects for monogastric animals, such as poultry and 
pigs, and a concomitant decrease in efficiency of feed digestion and 
absorption by trapping valuable nutrients (Øverland, Mydland, & 
Skrede, 2019), suggests the use of specific Carbohydrate- Active en-
Zymes (CAZymes), which are today well accepted as feed additives 
to enhance animal digestibility and growth performance. Moreover, 
although many macroalgae species, particular red seaweeds, have a 
superior combination of protein quality and content than corn and 
wheat, the protein content of soybean meal is higher (approximately 
24% DM) than that of algae (Mæhre, Malde, Eilertsen, & Elvevoll, 
2014), and thus replacement of this ingredient may not be feasible. 
Additionally, dry processing of algae might destroy essential vita-
mins for maintaining animal requirements.

The present work reviews the effect of dietary macroalgae on 
livestock animals’ growth performance and meat quality, as well as 
the potential and constraints of macroalgae inclusion in livestock 
diets.

2  |  MACROALGAE CHAR AC TERIZ ATION

Macroalgae comprise a huge number of very diverse live organisms, 
possibly surpassing 25,000 species (Santos et al., 2015), of macro-
scopic, multicellular and marine algae (Hurd, Harrison, Bischof, & 
Lobban, 2014). They belong to three different and relatively unre-
lated eukaryotic lineages corresponding to taxonomically distant 
groups, usually termed brown (Phaeophyceae), red (Rhodophyceae) 
and green (Chlorophyceae) macroalgae. Brown algae contain a dis-
tinct chlorophyll composition (types a and c) and carotenoids (mainly 
fucoxanthin, which renders these macroalgae brown). Red algae, 
besides chlorophylls and carotenoids, are rich in phycobilins. Green 
algae have chlorophylls a and b, as well as carotenoids, in the chlo-
roplasts (Pereira, 2016). There is a great biological diversity among 
seaweeds, concerning life cycle and fertilization or morphogenetic 
strategies. Size is also very different, being some macroalgae up 
to several meters long and displaying a high level of complexity 
(Pereira, 2016). However, less than twenty seaweed species com-
prise 90% of the commercially used biomass per year and worldwide 
(Pereira, 2016).

Though still small in economic relevance when compared with 
terrestrial plants (<30 × 106 versus 16 × 1011 fresh weight tonnes 
of biomass, respectively), the commercial interest in seaweeds has 
grown in the last years (Buschmann et al., 2017). Their production 
more than duplicated in the last decade, increasing from 14.7 million 
tons in 2005 to 30.4 million tonnes in 2015, from which 209 394 
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tonnes were for non- human consumption (FAO, 2018). Promising 
attempts have been made towards a large scale- algae production, 
such as naturally floating beds supplied nutrient- rich water, off-
shore (rafts) or land (coastal deserts) productions. These methods 
take profit of the fast growth of seaweeds and the absence of re-
quirement of arable land, freshwater or fertilizer for their produc-
tion (Halmemies- Beauchet- Filleau et al., 2018; Lorbeer, Tham, & 
Zhang, 2013). The industrial use of macroalgal biomass has evolved 
in recent years, from exploiting beach- cast macroalgae as fertilizers 
and a source of potash to hydrocolloid extraction (Buschmann et al., 
2017; Synytsya, Čopíková, Kim, & Il Park, 2015). A possible future 
scenario may involve macroalgae grown for high added- value appli-
cations, such as the extraction of particular polysaccharides (Bixler 
& Porse, 2011) or biomass utilization for specialty agronomic/hus-
bandry products (Craigie, 2011). Further up in the value scale, other 
applications, such as ingredients for food and feed (Fleurence, 2016), 
cosmeceuticals (Balboa, Conde, Soto, Pérez- Armada, & Domínguez, 
2015), nutraceuticals (Himaya & Kim, 2015) and pharmaceuticals 
(Anis, Ahmed, & Hasan, 2017; Vo, Ngo, & Kim, 2012), may indeed 
become very important. In addition, seaweeds can be a valuable 
tool to respond to the growing concerns about the environment 
through nutrient cycling with mitigation of water nutrient loading 
and, thus, preventing eutrophication processes. Moreover, macroal-
gae contribute to carbon fixation with a consequent reduction of 
greenhouse gas emissions, including methane released by ruminants 
(Buschmann et al., 2017).

3  |  MACROALGAE PRODUC TION

Macroalgae may be wild- harvested from the Coast or may be cul-
tivated. In Europe, most production comes from wild harvesting. 
However, due to possible environmental impacts, wild harvest-
ing has declined over the past decade and there is a drive to meet 
the growing demand by shifting production toward cultivation (van 
Oirschot et al., 2017).

In any case, macroalgal growth entails consumption of energy 
and nutrients. Moreover, cultivation may also generate deleterious 
effects on the environment and these may be intensified by the ex-
pansion of the scale of operations (van Oirschot et al., 2017). There 
are also indirect environmental effects that relate to upstream pro-
duction of the means required to macroalgal cultivation, and down-
stream transport, drying, and further processing of the harvested 
material. The by- products of the processing operations may be di-
rected to production of fertilizer, thus contributing to the mitigation 
of the environmental impacts. In addition, from an economic point 
of view, although harvesting is associated to several costs, mainly 
related to the required labour to collect a widely distributed amount 
of biomass and the associated licensing expenses, cultivation also 
entails significant costs. The latter include investments, payment 
of energy costs (for instance, in order to ensure adequate agitation) 
and deployment of abundant water resources, which are expensive 
in many countries. However, some case- studies limited to particular 

countries have concluded that macroalgal cultivation may be profit-
able (Hasselström et al., 2020).

There are different systems of cultivation, ranging from purely 
extensive to very intensive, that should be noted. The latter presup-
poses a more intense nutrient uptake and a concomitant production 
of wastewater streams with a high organic load and liable to gener-
ate downstream eutrophication issues. Using current technology, ex-
tensively available sea areas may be farmed to produce macroalgae 
that require no freshwater or fertilizers while providing a variety of 
valuable ecosystem services. Macroalgal cultivation in this environ-
mentally more sustainable form is an extractive industry whose very 
process of biomass production renders ecological services to the ma-
rine ecosystems, thereby also adding economic value (Neori et al., 
2009; Radulovich et al., 2015). In particular, the farming of macroal-
gae in combination with the production of fish and organic extractive 
feeders (e.g. abalone, bivalves, and sea urchin) is being used to remove 
the excess of inorganic nutrients from the production system. This 
concept (IMTA) is gaining importance as a sustainable food production 
system (Shpigel et al., 2018; Cunha et al., 2019). Kelps (e.g. Laminaria 
digitata), Ulva spp., and other macroalgae are being farmed in such in-
tegrated modules (Broch et al. 2013; Macchiavello et al., 2014).

The cultivation of macroalgae may also be done in a variety of 
systems from raceways to settling ponds. Water flow and aeration 
may be necessary to promote the renewal of the boundary layer be-
tween algae and water surfaces, in order to favour the diffusion of 
the nutrient into the algal biomass (Diamahesa, Masumoto, Jusadi, & 
Setiawati, 2017). Relying on nutrient concentration and water flow, 
which can range from one to sixteen water exchanges (per day), 
it is possible to enhance nutrient uptake and growth (Neori et al., 
2003). If the water flow is low, nutrients will become limiting, bio-
mass production will decrease, but the nutrient uptake efficiency 
will increase (Diamahesa et al., 2017). This may be an alternative, 
whenever sample space for extensive systems is available.

In addition, the direct and indirect environmental impacts of mac-
roalgal cultivation have been studied and quantified with life cycle 
assessment (LCA) (Seghetta, Hou, Bastianoni, Bjerre, & Thomsen, 
2016). This assessment depends much on the specific materials and 
design differences between conventional or intensified cultivation 
designs. Van Oirschot et al. (2017) concluded that there are substan-
tial environmental impacts and that, under specific circumstances, 
intense systems may offer significant productivity advantages for 
macroalgal cultivation limited by permits/licenses to small areas. In 
such cases, an intensification of cultivation systems could augment 
productivity in such small- designated space, without significantly af-
fecting life cycle environmental impacts (van Oirschot et al., 2017). 
For the latter, the drying process has the highest contribution. Any 
macroalgal system requiring the drying of biomass should approach 
dewatering strategically, entailing a search for innovative uses of the 
available energy of the oceans (e.g. wind, waves or currents). The 
adoption of low energy alternatives would be advisable, such as solar 
dryers. Furthermore, processing of macroalgal biomass into animal 
feed ingredients may also involve extracting, refining and other sep-
aration operations, thereby generating by- product materials (Barbot, 
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Al- Ghaili, & Benz, 2016). This problem may be tackled by the simulta-
neous production of combustible biomethane, through anaerobic mi-
crobial digestion of macroalgae residues, and disposal of undesirable 
biomass in a synergistic waste management system (Barbot et al., 

2016). Seaweed waste by- products have several current applications, 
including the production of fibre, glycerol, biofertilizers and organic 
acids, as well as the bioremediation of contaminated waters due to 
algal adsorbing properties (Barbot et al., 2016).

TA B L E  1  Protein content and amino acid profile of the main seaweed species used as animal feed (all values are expressed on a dry 
weight basis, w/dw, unless otherwise indicated; hyphenated values are ranges on the basis of several studies)†

Chemical composition
Ascophyllum sp.
(brown alga)

Laminaria sp.
(brown alga)

Undaria pinnatifida
(brown alga)

Ulva sp.
(green alga)

Porphyra sp.
(red alga)

Crude protein (%) 5.6– 12.1 (8.1) 0.6– 16.1 (7.7) 15.7– 22.2 (18.2) 4.8– 41.8 (15.8) 24.1– 44.0 (32.7)

Amino acid profile (% total amino acids)

Alanine 7.1– 8.8 (8.0) 6.8– 14.8 (9.6) 5.5– 17.3 (10.3) 1.8– 10.1 (8.1) 6.8– 14.6 (10.5)

Arginine 4.2– 12.3 (7.3) 3.9– 5.5 (4.8) 4.0– 9.9 (6.2) 3.0– 11.6 (7.2) 6.6– 10.7 (8.0)

Aspartic acid 10.6– 12.9 (11.6) 8.4– 14.8 (11.5) 6.5– 10.9 (9.2) 8.8– 15.1 (12.2) 7.9– 14.0 (11.1)

Cystine 0.0– 2.4 (0.8) 1.4– 3.6 (2.9) 0.4– 1.5 (0.9) 1.0– 7.7 (2.6) 0.5– 2.1 (1.6)

Glutamic acid 15.4– 22.9 (18.5) 7.0– 28.3 (15.5) 6.8– 16.9 (13.0) 3.2– 23.1 (13.6) 9.8– 12.7 (11.8)

Glycine 5.6– 7.7 (6.4) 4.8– 6.6 (5.9) 4.6– 7.4 (5.8) 2.2– 8.8 (6.2) 6.6– 8.9 (7.3)

Histidine 1.7– 2.0 (1.9) 1.5– 4.3 (2.4) 1.9– 10.0 (4.1) 1.1– 4.6 (2.1) 1.3– 4.3 (2.5)

Isoleucine 3.9– 4.5 (4.2) 3.2– 4.7 (4.1) 3.8– 5.7 (4.8) 2.8– 4.8 (3.9) 3.6– 5.4 (4.5)

Leucine 7.1– 7.9 (7.4) 5.8– 8.4 (7.4) 6.8– 9.7 (8.6) 5.0– 8.5 (6.9) 6.3– 9.7 (8.0)

Lysine 5.7– 7.6 (6.3) 4.6– 8.6 (6.0) 4.4– 7.1 (5.7) 4.1– 16.8 (5.8) 3.5– 8.6 (6.1)

Methionine 1.1– 2.5 (1.9) 1.1– 2.9 (2.2) 0.2– 3.1 (2.0) 1.5– 19.1 (3.5) 1.2– 3.0 (2.2)

Phenylalanine 3.5– 5.3 (4.5) 3.8– 5.5 (4.9) 4.3– 6.1 (5.3) 4.4– 13.0 (6.1) 4.1– 9.3 (5.6)

Proline 4.0– 5.3 (4.6) 3.4– 6.3 (4.8) 3.5– 5.0 (4.3) 3.1– 5.7 (4.1) 4.4– 5.9 (5.0)

Serine 4.6– 5.3 (5.0) 3.9– 5.9 (5.1) 3.7– 5.5 (4.5) 4.3– 6.8 (5.2) 5.3– 8.1 (6.2)

Threonine 4.3– 5.7 (4.9) 4.2– 6.1 (5.5) 3.3– 5.4 (4.6) 4.1– 6.1 (5.2) 5.8– 8.7 (6.8)

Tryptophan ND1  0.3– 0.6 (0.5) 0.3– 1.5 (0.8) 0.7– 0.9 (0.8) 1.1

Tyrosine 1.4– 2.2 (1.8) 2.0– 3.1 (2.7) 2.4– 4.9 (3.3) 1.8– 4.8 (2.9) 3.5– 5.6 (4.7)

Valine 4.7– 5.8 (5.4) 4.5– 10.8 (6.5) 4.8– 10.7 (6.9) 5.4– 7.0 (6.2) 5.7– 8.6 (7.1)

Crude carbohydrates (%) 59.1– 62.8 (60.9) 35.5– 60.7 (48.1) 38.12 – 52.1 (45.1) 40.3– 64.83  (49.7) 44.6

Neutral detergent fibre 19.8– 22.0 (20.9) 16.3– 20.1 (8.2) 15.2– 38.1 (26.7) 25.9– 41.5 (32.3) 33.5– 40.8 (37.1)

Crude fibre 4.1– 6.8 (5.5) 7.7 3.2– 3.4 (3.3) 2.8– 13.8 (7.8) 1.1

Total dietary fibre 57.9 36.1– 39.6 (37.8) 30.7– 51.4 (37.7) 24.8– 40.6 (29.5) 22.9– 53.5 (39.8)

Values in parenthesis after inferior and superior ranges correspond to mean values.
Number of observations for crude protein: Ascophyllum sp. (n = 6), Laminaria sp. (n = 30), Undaria pinnatifida (n = 6), Ulva sp. (n = 48), Porphyra sp. 
(n = 11).
Number of observations for amino acids: Ascophyllum sp. (n = 3), Laminaria sp. (n = 6), Undaria pinnatifida (n = 5), Ulva sp. (n = 11), Porphyra sp. (n = 6).
Number of observations for all carbohydrates:Ascophyllum sp.(n = 5),Laminaria sp.(n = 4),Undaria pinnatifida (n = 6), Ulva sp. (n = 20),Porphyra sp. 
(n = 7).
1not detected. 
2soluble and insoluble dietary fibre + neutral sugars. 
3monosaccharides + total dietary fibre. 
†Supporting literature: Abudabos et al.(2013); Anderson, Blanton, Gleghorn, Kim, & Johnson(2006); Applegate & Gray(1995); Arieli, Sklan, & 
Kissil(1993); Burtin (2003); Cabrita, Maia, Sousa- Pinto, and Fonseca(2017); Cofrades et al. (2010), Cruz- Suárez, Tapia- Salazar, Nieto- López, Guajardo- 
Barbosa, & Ricque- Marie(2009); Dawczynski, Schubert, & Jahreis (2007); Dierick, Ovyn, & De Smet (2009); Dierick, Ovyn, & De Smet (2010); Diler, 
Tekinay, Güroy, Güroy, & Soyuturk (2007); Erickson et al. (2012); Gaillard et al. (2018); Hernández, Uriarte, Viana, Westermeier, & Farias (2009); 
İrkin & Erduğan (2014); Je et al. (2009); Kolb et al. (2004); Mæhre, Malde, Eilertsen, & Elvevoll (2014); Maia, Fonseca, Oliveira, Mendonça, & Cabrita 
(2016); Marsham, Scott, & Tobin (2007); Misurcova, Kracmar, Klejdus, and Vacek (2010); Moroney, O'Grady, O'Doherty, & Kerry (2012); Neveux, 
Magnusson, Maschmeyer, de Nys, & Paul (2015); Okab et al. (2013); Peña- Rodríguez, Mawhinney, Ricque- Marie, & Cruz- Suárez (2011); Ripol et 
al.(2018); Rjiba- Ktita, Chermiti, Bodas, France, & López (2017); Ruperez & Saura- Calixto (2001); Sánchez- Machado, López- Cervantes, López- 
Hernández, & Paseiro- Losada (2004); Schiener, Black, Stanley, & Green (2015); Taboada, Millán, & Miguez (2013); Tayyab, Novoa- Garrido, Roleda, 
Lind, & Weisbjerg (2016); Valente et al. (2006); Wahbeh (1997); Yamada, Miyoshi, Tanada, and Imaki (1991). 
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4  |  NUTRITIONAL PROPERTIES

Macroalgae are rich in several nutrients but with different nutritional 
profiles (Tables 1, 2 and 3), although some general traits are com-
mon to all seaweeds. Carbohydrates comprise a very large share of 

their dry matter (DM) (up to 70%) and lipid fraction is usually lower 
than 5% DM (Campos et al., 2019; Ripol et al., 2018), with maximum- 
reported values of 6.6% DM (Wahbeh, 1997).

Some species of brown algae belonging to the genera 
Laminaria, Saccharina, Hizikia and Arame have a lipid content as low 

TA B L E  2  Lipid content and fatty acid profile of the main seaweed species used as animal feed (all values are expressed on a dry weight 
basis, w/dw, unless otherwise indicated; hyphenated values are ranges on the basis of several studies)†

Chemical composition
Ascophyllum sp.
(brown alga)

Laminaria sp.
(brown alga)

Undaria pinnatifida
(brown alga)

Ulva sp.
(green alga)

Porphyra sp.
(red alga)

Crude fat (%) 2.9- 5.8 (3.9) 0.5- 1.3 (0.9) 1.1- 6.5 (3.4) 0.1- 6.6 (2.0) 0.7- 3.0 (1.6)

Fatty acid profile (% total fatty acids)

14:0 8.9- 9.4 (9.1) 2.9- 9.1 (6.1) 2.3- 4.0 (3.1) 0.7- 10.9 (3.1) 0.0- 4.1 (1.9)

16:0 9.9- 13.4 (11.7) 18.0- 36.0 (25.5) 13.5- 27.7 (19.2) 3.2- 50.3 (26.6) 19.3- 63.2 (34.6)

17:0 0.41 ND3  0.0- 0.2 (0.1) 0.1- 1.4 (0.5) 0.03- 0.2 (0.1)

18:0 0.6- 0.8 (0.7) 0.3- 1.5 (1.0) 0.7- 1.8 (1.1) 0.2- 1.8 (0.9) 0.7- 1.9 (1.2)

20:0 0.2 ND3  0.4- 4.9 (2.6) 0.3- 6.5 (1.7) 0.2- 0.5 (0.4)

22:0 0.2 ND3  ND3  1.9- 5.1 (3.0) 0.4

16:1n−7 + n−9 1.4- 2.2 (1.8)1  0.9- 5.6 (2.6)1  0.4- 3.7 (2.1)1  0.8- 9.1 (2.1) 1.0- 6.2 (2.8)1 

18:1n−7 + n−9 28.3- 42.0 (35.1)2  17.8- 26.5 (21.6)2  6.8- 12.5 (9.6)2  3.5- 40.5 (11.1) 4.3- 8.0 (7.1)

18:1- cis−11 ND3  ND3  ND3  4.7- 6.4 (5.5) ND3 

20:1 n−7n−9n−11 0.074  1.64  0.0 0.2- 2.1 (0.7) 1.4- 4.7 (2.6)

16:2n−6 ND3  ND3  ND3  1.4- 20.3 (10.8) ND3 

16:3n−3 ND3  ND3  ND3  2.0- 2.6 (2.3) ND3 

16:4n−3 ND3  ND3  ND3  4.8- 7.1 (6.0) ND3 

18:2n−6 7.5- 8.6 (8.1) 5.0- 9.5 (7.2) 6.2- 8.8 (7.4) 2.4- 22.0 (10.2) 1.2- 7.1 (3.4)

18:3n−6 0.54 ND3  1.7 0.1- 5.6 (1.6) 0.3- 2.6 (1.7)

18:3n−3 2.4- 4.5 (3.4) 0.8- 7.5 (4.8) 7.9- 12.0 (10.6) 0.1- 26.4 (11.3) 0.0- 5.7 (1.9)

18:4n−3 ND3  1.2- 10.8 (7.6) 21.1- 25.8 (22.7) 0.2- 7.3 (3.6) 0.2- 14.0 (4.8)

20:2n−6 5.1 0.9 0.0- 0.1 (0.1) 3.0 0.5- 1.1 (0.8)

20:3n−6 0.7 1.2 0.6- 1.0 (0.8) 1.1- 1.5 (1.2) 1.0- 1.8 (1.3)

20:4n−6 (ARA) 12.1- 17.3 (14.7) 7.0- 14.2 (10.2) 13.3- 17.5 (15.5) 0.5- 2.1 (1.3) 6.4- 9.8 (7.5)

20:4n−3 ND3  0.54 0.7- 1.5 (1.1) 0.1- 0.7 (0.4) 0.1- 0.5 (0.3)

20:5n−3 (EPA) 5.3- 7.2 (6.3) 8.6- 16.2 (11.8) 6.0- 13.2 (9.4) 0.4- 2.6 (1.6) 6.0- 43.0 (25.2)

22:4n−6 ND3  ND3  ND3  0.1- 0.8 (0.5) ND4 

22:5n−3 ND3  ND3  ND3  0.2- 2.2 (1.4) 0.05

22:6n−3 (DHA) 0.0 ND3  ND3  0.2- 1.6 (0.5) ND4 

Values in parenthesis after inferior and superior ranges correspond to mean values.
Number of observations for crude fat: Ascophyllum sp. (n =4), Laminaria sp. (n = 6), Undaria pinnatifida (n = 4), Ulva sp. (n = 49), Porphyra sp. (n = 6).
Number of observations for fatty acids: Ascophyllum sp. (n =2), Laminaria sp. (n = 5), Undaria pinnatifida (n = 4), Ulva sp. (n = 12), Porphyra sp. (n = 6).
1only includes 16:1n- 7. 
218:1n- 7 is present in trace amount. 
3not detected. 
4includes only 20:1n- 9. 
†Supporting literature: Abudabos et al. (2013); Arieli, Sklan, & Kissil (1993); Biancarosa et al. (2018); Cabrita, Maia, Sousa- Pinto, and Fonseca (2017); 
Cardoso et al. (2017); Cofrades et al. (2010); Cruz- Suárez, Tapia- Salazar, Nieto- López, Guajardo- Barbosa, & Ricque- Marie (2009); Dawczynski, 
Schubert, & Jahreis (2007); Dierick, Ovyn, & De Smet (2009); Dierick, Ovyn, & De Smet (2010); Diler, Tekinay, Güroy, Güroy, & Soyuturk (2007); 
Erickson et al. (2012); Fleurence, Gutbier, Mabeau, and Leray (1994), İrkin & Erduğan (2014); Lorenzo et al. (2017); Mæhre, Malde, Eilertsen, & 
Elvevoll (2014); Maia, Fonseca, Oliveira, Mendonça, & Cabrita (2016); Marsham, Scott, & Tobin (2007); Neveux, Magnusson, Maschmeyer, de Nys, 
& Paul (2015); Okab et al. (2013); Peña- Rodríguez, Mawhinney, Ricque- Marie, & Cruz- Suárez (2011); Ripol et al. (2018); Rjiba- Ktita, Chermiti, Bodas, 
France, & López (2017); Sánchez- Machado, Lopez- Cervantes, Lopez- Hernandez, & Paseiro- Losada (2004); Taboada, Millán, & Miguez (2013); Valente 
et al. (2006); Ventura, Castanon, & McNab (1994); Ventura & Castañón (1998); Wahbeh (1997). 



1080  |    COSTA eT Al.

TA
B

LE
 3

 
A

sh
, m

in
er

al
, p

ig
m

en
t a

nd
 v

ita
m

in
 c

on
te

nt
s 

of
 th

e 
m

ai
n 

se
aw

ee
d 

sp
ec

ie
s 

us
ed

 a
s 

an
im

al
 fe

ed
 (a

ll 
va

lu
es

 a
re

 e
xp

re
ss

ed
 o

n 
a 

dr
y 

w
ei

gh
t b

as
is

, w
/d

w
, u

nl
es

s 
ot

he
rw

is
e 

in
di

ca
te

d;
 

hy
ph

en
at

ed
 v

al
ue

s 
ar

e 
ra

ng
es

 o
n 

th
e 

ba
si

s 
of

 s
ev

er
al

 s
tu

di
es

)*

Ch
em

ic
al

 c
om

po
si

tio
n

As
co

ph
yl

lu
m

 s
p.

(b
ro

w
n 

al
ga

)
La

m
in

ar
ia

 s
p.

(b
ro

w
n 

al
ga

)
U

nd
ar

ia
 p

in
na

tif
id

a
(b

ro
w

n 
al

ga
)

U
lv

a 
sp

.
(g

re
en

 a
lg

a)
Po

rp
hy

ra
 s

p.
(re

d 
al

ga
)

A
sh

 (%
)

0.
8-

 30
.9

 (2
1.

4)
23

.3
- 7

3.
0 

(3
5.

7)
17

.4
- 3

9.
8 

(2
9.

2)
11

.3
- 4

9.
6 

(2
4.

0)
9.

3-
 29

.6
 (1

8.
0)

C
a 

(g
/k

g)
9.

8-
 34

.1
 (1

5.
3)

0.
5-

 22
.8

 (1
1.

4)
9.

3-
 10

.7
 (9

.7
)

0.
3-

 68
.8

 (1
3.

2)
0.

1-
 7.

0 
(4

.0
)

C
u 

(m
g/

kg
)

1.
6-

 17
.0

 (5
.7

)
1.

0-
 20

.0
 (5

.0
)

1.
9-

 6.
7 

(4
.3

)
3.

4-
 14

6.
8 

(2
5.

6)
<5

.0
; 8

.0
- 1

3.
6 

(1
0.

1)

Fe
 (m

g/
kg

)
10

0-
 37

0 
(2

01
)

11
.9

- 7
02

 (1
64

)
15

.4
- 1

33
 (7

4.
6)

13
9-

 58
00

 (1
99

3)
89

.0
- 1

82
 (1

34
)

I (
m

g/
kg

)
46

1-
 11

36
 (7

70
)

27
7-

 11
09

6 
(5

84
6)

)
19

1-
 30

6 
(2

52
)

8.
0-

 13
0 

(6
0.

2)
22

.0
- 1

10
 (5

4.
3)

K 
(g

/k
g)

14
.0

- 8
7.

0 
(3

0.
4)

10
.0

- 1
16

 (5
3.

4)
3.

3-
 10

7 
(6

3.
6)

12
.0

- 2
9.

0 
(2

0.
2)

14
.1

- 3
5.

0 
(2

3.
5)

M
g 

(g
/k

g)
5.

7-
 11

.4
 (8

.6
)

5.
5-

 8.
4 

(6
.6

)
4.

1-
 11

.8
 (8

.1
)

11
.0

- 2
7.

0 
(2

0.
5)

2.
8-

 17
.0

 (7
.3

)

M
n 

(m
g/

kg
)

10
.0

- 5
6.

8 
(2

1.
1)

2.
9-

 38
.0

 (9
.5

)
3.

3-
 19

.4
 (1

0.
0)

11
.0

- 6
37

 (1
14

)
6.

7-
 31

.4
 (2

2.
7)

N
a 

(g
/k

g)
27

.3
- 5

2.
0 

(3
8.

7)
10

.0
- 3

8.
2 

(2
5.

1)
51

.6
- 7

0.
6 

(6
2.

4)
5.

4-
 32

.8
 (1

2.
7)

4.
4-

 10
0 

(3
8.

1)

P 
(g

/k
g)

0.
5-

 2.
3 

(1
.1

)
1.

2-
 3.

0 
(2

.0
)

2.
9-

 4.
5 

(3
.7

)
≤ 

0.
5-

 6.
6 

(2
.3

)
2.

5-
 5.

0 
(3

.6
)

S 
(g

/k
g)

11
.0

- 3
5.

0 
(2

4.
6)

10
.0

1  - 1
1.

0
9.

0
15

.4
- 5

7.
5 

(3
8.

8)
19

.0

Se
 (m

g/
kg

)
0.

06
- <

 1
.0

0.
02

- 0
.9

4 
(0

.3
)

< 
0.

5
0.

05
- 1

.9
 (0

.5
)

0.
17

Zn
 (m

g/
kg

)
28

.0
- 1

14
 (5

5.
6)

1.
0-

 81
.0

 (3
3.

5)
9.

4-
 60

.8
 (3

3.
5)

6.
0-

 63
.8

 (3
2.

2)
22

.1
- 6

7.
0 

(4
1.

1)

C
ar

ot
en

oi
ds

 (m
g/

kg
)

1.
5-

 16
73

(7
37

)1,
2  

25
.7

1  
54

.4
16

9-
 25

50
(1

08
5)

5,
8  

72
.7

1  - 1
63

0

β-
 C

ar
ot

en
e

30
.0

- 7
00

 (2
60

)4,
5  

29
.9

13
.0

10
59  - 1

63
40

8

α-
 C

ar
ot

en
e

N
D

3  
N

D
3  

N
D

3  
N

D
3  

28
0

tr
an

s-
 lu

te
in

es
N

D
3  

N
D

3  
N

D
3  

18
48

N
D

3  

Ze
ax

an
th

in
N

D
3  

6.
01  

8.
01  

10
.2

- 3
5.

2 
(2

1.
3)

1  
81

7

Fu
co

xa
nt

hi
n

60
.0

- 5
25

 (2
95

)4,
5  

33
.2

- 2
13

 (1
45

)
68

2-
 49

60
 (2

44
5)

N
D

3  

V
io

la
xa

nt
hi

n
12

.0
- 4

0.
0 

(2
6.

0)
N

D
3  

N
D

3  
N

D
3  

Ch
lo

ro
ph

yl
l (

m
g/

kg
)

0.
8-

 13
69

 (5
79

)1,
6  

17
4-

 22
47   (1

99
)6  

40
51  

36
8-

 85
00

 (5
21

7)
50

81  

C
hl

or
op

hy
ll 

a
0.

4-
 11

55
 (4

79
)1  

14
2-

 70
1 

(4
22

)1  
39

61  
25

4-
 50

00
 (3

11
5)

5,
8  

50
0-

 33
00

 (1
90

0)
4  

C
hl

or
op

hy
ll 

b
N

D
3  

14
.0

1  
N

D
3  

11
46  

7.
21  

C
hl

or
op

hy
ll 

c
0.

4-
 21

4 
(9

9.
7)

1  
10

.3
1  - 4

8.
21,

7   (2
9.

2)
1  

16
.0

1  
N

D
3  

N
D

3  

C
hl

or
op

hy
ll 

d
N

D
3  

15
.6

1  
6.

61  
N

D
3  

9.
81  

Ph
yc

ob
ili

n 
(m

g/
kg

)
- 

- 
- 

- 
17

10
- 2

44
00

 (1
30

55
)

V
ita

m
in

s (
m

g/
kg

)

V
ita

m
in

 B
1

1.
0-

 27
.0

 (1
4.

0)
1.

4-
 12

.5
 (5

.0
)

3-
 50

.4
 (2

6.
7)

7.
5-

 40
.0

 (2
3.

8)
9.

6

V
ita

m
in

 B
2

5.
0-

 10
.0

 (7
.0

)
1.

4-
 8.

5 
(5

.0
)

13
.5

- 1
17

 (6
5.

3)
3.

8-
 5.

3 
(4

.7
)

34
.3

V
ita

m
in

 B
3

0.
0-

 15
.0

 (8
.0

)
15

.8
- 6

12
 (3

14
)

< 
5.

0;
 2

5.
6-

 90
0 

(4
63

) (
31

0.
1)

h
10

00
95

.1

(C
on

tin
ue

s)



    |  1081COSTA eT Al.

Ch
em

ic
al

 c
om

po
si

tio
n

As
co

ph
yl

lu
m

 s
p.

(b
ro

w
n 

al
ga

)
La

m
in

ar
ia

 s
p.

(b
ro

w
n 

al
ga

)
U

nd
ar

ia
 p

in
na

tif
id

a
(b

ro
w

n 
al

ga
)

U
lv

a 
sp

.
(g

re
en

 a
lg

a)
Po

rp
hy

ra
 s

p.
(re

d 
al

ga
)

V
ita

m
in

 B
5

- 
- 

- 
1.

71  
- 

V
ita

m
in

 B
6

0.
13

0.
9-

 64
.1

 (3
2.

5)
1.

8-
 32

.4
 (1

7.
1)

< 
0.

1
14

.9

V
ita

m
in

 B
8

0.
13

64
.1

1.
9

N
D

3  
N

D
3  

V
ita

m
in

 B
9

45
6

0.
0-

 0.
5

0.
5-

 66
.0

 (3
3.

2)
1.

5-
 10

80
1  

0.
4-

 12
5 

(6
2.

9)

V
ita

m
in

 B
12

0.
00

11  
0.

00
51  

0.
00

3-
 0.

04
1  

(0
.0

6-
 0.

06
3)

1   (0
.0

62
)1  

0.
00

81  

V
ita

m
in

 E
3.

6-
 50

0 
(2

30
)

3.
0-

 20
00

 (5
11

)
14

.0
1  - 1

74
2.

8-
 35

.0
 (1

5.
6)

10
.6

- 1
4.

3 
(1

2.
8)

α-
 to

co
ph

er
ol

80
.0

6.
2

8.
8

10
.1

- 1
3.

1 
(1

1.
6)

V
ita

m
in

 C
81

.0
- 1

65
0 

(6
04

)
35

5-
 91

0 
(6

33
)

31
.0

- 1
84

7 
(9

39
)

42
.0

- 1
25

0 
(5

11
)

16
11

Va
lu

es
 in

 p
ar

en
th

es
is

 a
ft

er
 in

fe
rio

r a
nd

 s
up

er
io

r r
an

ge
s 

co
rr

es
po

nd
 to

 m
ea

n 
va

lu
es

.
N

um
be

r o
f o

bs
er

va
tio

ns
 fo

r a
sh

: A
sc

op
hy

llu
m

 s
p.

 (n
 =

8)
, L

am
in

ar
ia

 s
p.

 (n
 =

 1
3)

, U
nd

ar
ia

 p
in

na
tif

id
a 

(n
 =

 4
), 

U
lv

a 
sp

. (
n 

= 
49

), 
Po

rp
hy

ra
 s

p.
 (n

 =
 7

).
N

um
be

r o
f o

bs
er

va
tio

ns
 fo

r m
in

er
al

s:
 A

sc
op

hy
llu

m
 s

p.
 (n

 =
11

), 
La

m
in

ar
ia

 s
p.

 (n
 =

 2
6)

, U
nd

ar
ia

 p
in

na
tif

id
a 

(n
 =

 5
), 

U
lv

a 
sp

. (
n 

= 
18

), 
Po

rp
hy

ra
 s

p.
 (n

 =
 7

).
N

um
be

r o
f o

bs
er

va
tio

ns
 fo

r c
ar

ot
en

oi
ds

: A
sc

op
hy

llu
m

 s
p.

 (n
 =

9)
, L

am
in

ar
ia

 s
p.

 (n
 =

 1
0)

, U
nd

ar
ia

 p
in

na
tif

id
a 

(n
 =

 8
), 

U
lv

a 
sp

. (
n 

= 
12

), 
Po

rp
hy

ra
 s

p.
 (n

 =
 4

).
N

um
be

r o
f o

bs
er

va
tio

ns
 fo

r v
ita

m
in

s:
 A

sc
op

hy
llu

m
 s

p.
 (n

 =
4)

, L
am

in
ar

ia
 s

p.
 (n

 =
 6

), 
U

nd
ar

ia
 p

in
na

tif
id

a 
(n

 =
 4

), 
U

lv
a 

sp
. (

n 
= 

5)
, P

or
ph

yr
a 

sp
. (

n 
= 

4)
.

1 va
lu

es
 a

re
 e

xp
re

ss
ed

 o
n 

a 
fr

es
h 

w
ei

gh
t b

as
is

. 
2 su

m
 o

f c
lo

ro
ph

yl
l a

, c
lo

ro
ph

yl
l c

 a
nd

 fu
co

xa
nt

hi
n.

 
3 no

t d
et

ec
te

d.
 

4 ap
pr

ox
im

at
e 

va
lu

es
. 

5 in
cl

ud
e 

va
lu

es
 o

f a
lg

ae
 th

al
li.

 
6 su

m
 o

f c
lo

ro
ph

yl
l a

 a
nd

 c
lo

ro
ph

yl
l c

. 
7 va

lu
e 

ob
ta

in
ed

 fr
om

 a
lg

ae
 rh

iz
oi

d.
 

8 ca
ro

te
no

id
 c

on
te

nt
 re

po
rt

ed
 o

n 
fr

es
h 

w
ei

gh
t b

as
is

 w
as

 c
on

ve
rt

ed
 in

to
 d

ry
 w

ei
gh

t b
as

is
 e

st
im

at
in

g 
m

oi
st

ur
e 

co
nt

en
t o

f 8
0%

, a
cc

or
di

ng
 to

 E
is

m
an

n,
 R

ei
s,

 d
a 

Si
lv

a,
 &

 C
av

al
ca

nt
i (

20
20

). 
9 in

cl
ud

e 
to

ta
l c

ar
ot

en
e 

pi
gm

en
ts

. 
10

to
ta

l x
an

th
op

hy
ll 

co
nt

en
t. 

Fu
co

xa
nt

hi
n 

an
d 

tr
an

s-
 ze

ax
an

th
in

 d
es

cr
ib

ed
 a

s 
be

in
g 

ab
se

nt
 in

 C
ru

z-
 Su

ár
ez

, T
ap

ia
- S

al
az

ar
, N

ie
to

- L
óp

ez
, G

ua
ja

rd
o-

 Ba
rb

os
a,

 &
 R

ic
qu

e-
 M

ar
ie

 (2
00

9)
.

 † Su
pp

or
tin

g 
lit

er
at

ur
e:

 A
bu

da
bo

s 
et

 a
l.(

20
13

); 
A

fo
ns

o 
et

 a
l.(

20
18

); 
A

rie
li,

 S
kl

an
, &

 K
is

si
l(1

99
3)

; B
ia

nc
ar

os
a 

et
 a

l.(
20

18
); 

Bi
lla

ka
nt

i, 
C

at
ch

po
le

, F
en

to
n,

 M
itc

he
ll,

 a
nd

 M
ac

Ke
nz

ie
(2

01
3)

; C
ab

rit
a 

et
 a

l.(
20

16
); 

C
ab

rit
a,

 M
ai

a,
 S

ou
sa

- P
in

to
, a

nd
 F

on
se

ca
(2

01
7)

; C
of

ra
de

s 
et

 a
l.(

20
10

); 
C

or
in

o,
 M

od
in

a,
 D

i G
ia

nc
am

ill
o,

 C
hi

ap
pa

rin
i, 

&
 R

os
si

(2
01

9)
; C

ru
z-

 Su
ár

ez
 e

t a
l.(

20
09

);C
ze

cz
ug

a 
&

 T
ay

lo
r(1

98
7)

; D
er

e,
 G

ün
eş

, &
 

Si
va

ci
(1

99
8)

; D
es

id
er

i e
t a

l.(
20

16
); 

D
ile

r, 
Te

ki
na

y,
 G

ür
oy

, G
ür

oy
, &

 S
oy

ut
ur

k 
(2

00
7)

; E
sw

ar
an

, G
an

es
an

, P
er

iy
as

am
y,

 &
 R

ao
 (2

00
2)

; F
le

ur
en

ce
, G

ut
bi

er
, M

ab
ea

u,
 &

 L
er

ay
 (1

99
4)

; F
un

g,
 H

am
id

, &
 L

u 
(2

01
3)

; 
G

ui
he

ne
uf

, G
ie

tl,
 &

 S
te

ng
el

 (2
01

8)
; H

er
ná

nd
ez

, U
ria

rt
e,

 V
ia

na
, W

es
te

rm
ei

er
, &

 F
ar

ia
s 

(2
00

9)
; İ

rk
in

 &
 E

rd
uğ

an
 (2

01
4)

; J
en

se
n 

(1
96

3)
; J

ia
ng

, G
on

g,
 L

ou
, a

nd
 Z

ou
 (2

01
9)

; K
an

az
aw

a 
et

 a
l. 

(2
00

8)
; K

ol
b 

et
 

al
. (

20
04

); 
Lu

nd
e(

19
70

); 
M

ac
A

rt
ai

n,
 G

ill
, B

ro
ok

s,
 C

am
pb

el
l, 

&
 R

ow
la

nd
 (2

00
7)

; M
ac

ha
do

, M
ag

nu
ss

on
, P

au
l, 

de
 N

ys
, a

nd
 T

om
ki

ns
 (2

01
4)

; M
ac

ha
do

, K
in

le
y,

 M
ag

nu
ss

on
, d

e 
N

ys
, a

nd
 T

om
ki

ns
 (2

01
5)

; 
M

æ
hr

e,
 M

al
de

, E
ile

rt
se

n,
 &

 E
lv

ev
ol

l (
20

14
); 

M
ai

a,
 F

on
se

ca
, O

liv
ei

ra
, M

en
do

nç
a,

 &
 C

ab
rit

a 
(2

01
6)

; M
ar

sh
am

, S
co

tt
, &

 T
ob

in
 (2

00
7)

; M
or

on
ey

, O
'G

ra
dy

, O
'D

oh
er

ty
, &

 K
er

ry
 (2

01
2)

; N
ev

eu
x,

 M
ag

nu
ss

on
, 

M
as

ch
m

ey
er

, d
e 

N
ys

, &
 P

au
l (

20
15

); 
O

m
et

to
 e

t a
l. 

(2
01

8)
; O

ka
b 

et
 a

l. 
(2

01
3)

; O
só

rio
 e

t a
l. 

(2
02

0)
; P

eñ
a-

 Ro
dr

íg
ue

z,
 M

aw
hi

nn
ey

, R
ic

qu
e-

 M
ar

ie
, &

 C
ru

z-
 Su

ár
ez

 (2
01

1)
; P

er
ei

ra
 (2

01
1)

; Q
ui

ta
in

, K
ai

, S
as

ak
i, 

&
 

G
ot

o 
(2

01
3)

; R
od

rı
ǵu
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as 0.5 to 1.0% DM (Kolb, Vallorani, Milanović, & Stocchi, 2004; 
Kolb, Vallorani, & Stocchi, 1999; Makkar et al., 2016). The lipid 
component is mainly composed by triacylglycerols, phospholipids 
and glycolipids.

Protein contents may vary widely among taxonomic groups. 
Brown algae were shown to present lower protein amount, such 
as 0.6 to 16.1% DM in Laminaria sp. (Moroney et al., 2012; Tayyab, 
Novoa- Garrido, Roleda, Lind, & Weisbjerg, 2016), while red algae 
have higher protein content, like 24.1– 27.1 (Gaillard et al., 2018; 
Sánchez- Machado, López- Cervantes, López- Hernández, & Paseiro- 
Losada, 2004) to 44% DM in Porphyra sp. (Marsham et al., 2007). 
However, seaweeds usually present a high- quality protein, particu-
larly red seaweeds (Corino, Modina, Di Giancamillo, Chiapparini, & 
Rossi, 2019), since they are rich in essential amino acids, with the 
exception of the sulphur- containing ones (methionine and cysteine) 
(Mæhre et al., 2014).

Ash content also varies widely, typically from 10 to 50% DM 
(İrkin & Erduğan, 2014; Ripol et al., 2018; Tayyab et al., 2016). Hence, 
macroalgae may contain a high mineral content (Mæhre et al., 2014). 
This is considered a positive trait with a favourable impact in animal 
feeds (Morais et al., 2020), due to the importance of minerals on 
many organic functions, such as cellular metabolism (e.g. iodine) and 
osmotic regulation (e.g. sodium). Besides several elements ubiqui-
tous in many biological matrices, such as sodium, magnesium, po-
tassium and calcium, the mineral component of macroalgae is very 
often rich in bromine and iodine. These elements are found at much 
lower levels in other potential sources of feed ingredients. Although 
the high levels of mineral compounds can contribute to increase the 
nutritional value of macroalgae, excessive intakes of sodium, iodine 
and bromine by livestock animals should be avoided through mon-
itoring and labelling of feed products (Morais et al., 2020). Sodium 
was described to reach concentration of 100 g/kg w/dw in sea-
weeds, such as Porphyra sp. (Biancarosa et al., 2018), and the amount 
of iodine can range between 50 and 5,000 ppm, on a dry weight 
basis (w/dw) (Afonso et al., 2018). Additionally, bromine was found at 
high levels in several seaweed species (up to 816– 972 mg/kg w/dw, 
in brown algae including Laminaria ochroleuca and Osmundea pinnat-
ifida) (Afonso et al., 2020; Romarís- Hortas et al., 2011). The concern 
for animal feed that the high amount of these elements represents, 
demands a deeper comprehension about compound bioavailability 
and chemical form (i.e. organic or inorganic forms) (Romarís- Hortas 
et al., 2011).

Also, problems with the absorption of mineral elements may be 
present, for instance, the linkage of certain cations to anionic poly-
saccharides (alginate, agar and carrageenan) may reduce availabil-
ity for absorption in the digestive tract (Kumar, Ganesan, Suresh, & 
Bhaskar, 2008). Nonetheless, from the nutritional point of view, the 
sheer high mineral content in macroalgae may solve this problem.

Macroalgae are able to produce all the vitamins synthesized 
by terrestrial plants, as they perform photosynthesis (Kumar et al., 
2008). Thus, seaweeds are a source of water- soluble (B1, B2, B3 
and C) and fat- soluble (E and provitamin A) vitamins. Brown (e.g. 
Laminaria sp. and Ascophillum nodosum) and green (e.g. U. lactuca) 

algae species can meet vitamin requirements for livestock animals, 
particularly for vitamins from complex B (B1, B2 and B3) (NRC, 1994; 
NRC, 2012), although suffering seasonal effects (Corino et al., 2019). 
Additionally, brown algae Laminaria spp., A. nodosum and Fucus spp., 
have a high content of vitamins E and C (Corino et al., 2019) and most 
red algae, as Palmaria palmata and Porphyra tenera, contain signifi-
cant contents of vitamins B1 and B2 and large amounts of provitamin 
A (Kumar et al., 2008). One distinctive feature of macroalgae, when 
compared with terrestrial plants, is their relatively high content of 
vitamin B12 (Nisizawa, 2002). However, vitamins are heat- labile and 
may be destroyed to a great extent during the processing of raw 
macroalgal biomass, being particularly vulnerable to degradation 
during the drying process and ionisation by UV radiation. Alternative 
drying methods have been proposed to preserve vitamins, as well 
as extraction systems, such as solvent extraction, to recover them 
(Wan, Davies, Soler- Vila, Fitzgerald, & Johnson, 2019). Moreover, 
although the presence of pseudo- forms or certain algal compounds 
(e.g. polysaccharide) acting as ligands might compromise vitamin 
bioavailability, to date, that was not demonstrated for farmed ani-
mals (Wan et al., 2019).

Regarding carotenoids, macroalgae contain: β- carotene, lu-
tein, violoxanthin, neoxanthin and zeaxanthin in green algae 
(Chlorophytes); α-  and β- carotene, lutein and zeaxanthin in red sea-
weeds (Rhodophytes); and β- carotene, violoxanthin and fucoxanthin 
in brown algae (Phaeophytes) (Mikami & Hosokawa, 2013).

The carbohydrate chemical composition and abundance pres-
ent wide variability among macroalgal species (Pereira, 2016). 
Nevertheless, it is possible to formulate some carbohydrate general 
composition patterns as a function of the three main groups of mac-
roalgae. Usual carbohydrates in brown algae comprise cellulose, al-
ginates (β- 1,4- D- mannuronic acid and α- 1,4- L- guluronic acid) (Haug 
et al., 1967), fucoidan (sulphated polysaccharides with L- fucose as 
one of the major monosaccharides) (Berteau & Mulloy, 2003), lam-
inarin (β- 1– 3- glucan composed by β- 1– 3- glucose units with some 
random β- 1– 6- side chains) (Brown & Gordon, 2005) and mannitol. 
Dietary fibre is composed mainly by cellulose and insoluble algi-
nates (El- Said & El- Sikaily, 2013). The main reserve polysaccharides 
in brown algae are laminarin and mannitol (Kolb et al., 1999). Red 
algae display specific carbohydrates, which include floridian starch 
(amylopectin- like α- 1,4- glucan), the main storage polysaccharide, 
cellulose, xylan, mannan and sulphated galactan. In addition, this 
algae group contains sulphur- containing galactans, such as carra-
geenan, present in their water- soluble fibre fraction (Jiménez- Escrig 
& Sánchez- Muniz, 2000). In green macroalga species, there are 
the water- insoluble cellulose, the water- soluble ulvan (a sulphur- 
containing polysaccharide), sulphated galactans, mannans and, in 
some species, the alkali- soluble linear xyloglucan and glucuronans 
at lower amounts (Lahaye & Robic, 2007). The main storage polysac-
charide in green algae is starch (Charoensiddhi, Conlon, Franco, & 
Zhang, 2017). Simple sugars are also present in seaweeds, including 
sugar alcohols, such as mannitol that is found in some brown alga 
species at up to 20% w/dw and operates as osmoregulator (Wei, 
Quarterman, & Jin, 2013).
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It should be emphasized that all of these main constituents of 
the macroalgal biomass vary not only between species, but also with 
location, season and maturity of the macroalgae (İrkin & Erduğan, 
2014). Although the impact of these factors on the contents of mac-
roalgal constituents is often mentioned in the literature a systematic 
survey of their influence would be essential for a rational utilization 
of wild macroalgal resources.

5  |  APPLIC ATIONS OF MACROALGAE IN 
FEED

The nutritional properties and biological activities of macroalgae 
and their high growth rates make their biomass a potentially useful 
raw material for feeds and feed ingredients (Gupta & Abu- Ghannam, 
2011b). These feeds may be used to nourish farmed fish and shell-
fish, but also terrestrial animals. Several studies have tested these 
macroalga- based feeds with different animals and production sys-
tems and have assessed various aspects ranging from animal health 
to meat quality and shelf- life (Moroney, O'Grady, O'Doherty, & 
Kerry, 2012). The high content of reserve and structural carbohy-
drates in seaweeds (Bansemer, Qin, Harris, Howarth, & Stone, 2016) 
potentially represents a very significant source of energy but with 
differences among the major groups of macroalgae (Offei, Mensah, 
Thygesen, & Kemausuor, 2018). This may be one of the factors in 
selecting the most adequate macroalgae for preparation of feeds. 
However, the information on the digestibility of carbohydrates in 
macroalgae is very limited (Bansemer et al., 2016).

Regarding terrestrial animals, swine feeds prepared from mac-
roalgae have been investigated (Moroney et al., 2012; O'Doherty, 
Dillon, Figat, Callan, & Sweeney, 2010). In particular, supplementa-
tion of pig diets with laminarin and fucoidan, attained from the brown 
seaweed L. digitata, has previously been shown to enhance growth 
performance and improve gut health in pigs (O'Doherty et al., 2010). 
Also, a reduction in lipid oxidation in longissimus dorsi steaks (75% of 
pigs) and, at a greater extent in liver tissue homogenates, was previ-
ously found in pigs fed a diet with macroalgal components (Moroney 
et al., 2012). There are meaningful examples of the utilization of 
macroalgae in bovine diet. Namely, the by- products of harvesting 
and processing of the brown macroalgae Undaria pinnatifida have 
been incorporated in the diet of Holstein cows (Hong et al., 2015). 
These authors concluded that this macroalgal raw material did not 
compromise ruminal fermentation and animal performance at low 
levels (up to 4% inclusion in the diet), and may have potential to be 
used as a safe feed ingredient in dairy cows. Kaladharan (2006) re-
ported more clearly positive effects on dairy cattle, including higher 
milk production. Regarding poultry diets (Abudabos et al., 2013; Ali 
& Memon, 2008), macroalgae have been used to enhance animal 
immune status, decrease microbial load in the digestive tract and 
improve the quality of poultry meat and eggs. However, examples 
are not numerous and the incorporation of macroalgal biomass in 
these diets is usually up to 6% (Makkar et al., 2016), and can cause a 
decreased poultry growth when fed at more than 10%.M
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Moreover, macroalgae are natural options for the formulation 
of feeds suited to fish and shellfish farming. For instance, Valente 
et al. (2006) compared two different species, the red alga Gracilaria 
bursa- pastoris and the green alga Ulva rigida, reporting that G. bursa- 
pastoris and U. rigida had no negative effects on European sea bass 
(Dicentrarchus labrax) growth and may be incorporated at up to 10% 
in the diet. More recently, there has been much development of the 
IMTA and a particular embodiment of this type of system is com-
posed of farmed fish, sea urchin and a macroalgae. Successful exam-
ples have been reported of the combination of gilthead sea bream 
(Sparus aurata), the macroalgivore sea urchin Paracentrotus lividus 
and the green macroalgae U. lactuca (Shpigel et al., 2018). These au-
thors reported that the P. lividus feeding on U. lactuca and the mac-
roalgae itself improved the economic viability of the IMTA system. In 
addition, the high biofiltration efficiency of the green algae reduced 
effluent treatment cost, while the S. aurata brought in revenues to 
the aquaculture unity after one year. Another important example of 
application of macroalgae in shellfish feed is related to the rearing of 
abalone (Haliotis spp.). These animals, when fed cultivated live mac-
roalgae on- farm, have been reported to exhibit improved feeding 
activity (i.e. feeding stimulant), better health and an enhanced mar-
ketability (Bansemer et al., 2016). In this case, green algae, such as 
U. rigida, red algae, such as Gracilaria cornea and Porphyra columbina, 
and brown algae, such as Macrocystis pyrifera, are among the most 
used (Hernández, Uriarte, Viana, Westermeier, & Farias, 2009; Viera 
et al., 2011).

However, it should be remarked that the utilization of mac-
roalgae in animal feeds presents some concerning issues, namely 
the uptake of metals by macroalgae from the surrounding water 
(Utomo et al., 2016). The levels of arsenic, mercury, lead, cad-
mium, aluminium and nickel in dried macroalgal biomass were 

reported to be substantial due to bioaccumulation of these ele-
ments from water (Chen et al., 2018; Morais et al., 2020), with 
highest concentrations of aluminium (554 mg/kg) and lowest of 
mercury (0.0370 mg/kg) (Chen et al., 2018). The continuous sur-
veillance of trace elements, like cadmium, lead and mercury, in 
seaweeds should be performed attending to algae species, origin 
and season (Biancarosa et al., 2018; Chen et al., 2018). In a study 
with two hundred and ninety- five macroalgae species, red algae 
(Porphyra sp.) showed higher levels of cadmium (2.2 mg/kg) and 
nickel (1.642 mg/kg) but lower levels of mercury (0.010 mg/kg) 
than brown algae (Laminaria sp. and Undaria sp.) (0.245, 1.123 and 
0.055 mg/kg, respectively) (Chen et al., 2018). Nevertheless, the 
hazard index was shown to be below one, and, thus, the intake of 
all seaweeds was not associated to a serious deleterious impact on 
health (Chen et al., 2018). Another study (Biancarosa et al., 2018) 
compared red and brown algae with green algae for the presence 
of heavy metals in twenty- one species. Thus, inferior levels of 
cadmium in green algae (U. intestinalis, U. lactuca and Cladophora 
rupestris) (0.12 to 0.18 mg/kg) compared with red (up to 3.1 mg/kg 
in Porphyra umbilicalis) and brown algae (up to 2.6 mg/kg in Alaria 
esculenta) were reported. The lead was present at low concentra-
tion in both brown and red algae (≤ 0.58 mg/kg), only reaching 
levels of up to 3.0 mg/kg in U. intestinalis. The mercury level was 
also low in all macroalgae analysed (not detected to 0.04 mg/kg), 
and, together with lead, did not excide the maximum levels de-
fined by EU legislation for food supplements (0.1 and 3.0 mg/kg 
food, respectively). The arsenic levels in red and green algae (6.4 
to 24 mg/kg) (Biancarosa et al., 2018) were found to be far below 
the EU recommended level of 40 mg/kg feed (Directive 2002/32/
EC). However, brown alga species are known to be large accumu-
lators of arsenic (Morrison, Baumann, & Stengel, 2008; Ratcliff 

F I G U R E  1  Feed efficiency in ruminants 
fed a diet supplemented with macroalgae 
between 14 and 183 days. The inclusion 
levels of Ascophyllum nodosum extract fed 
to 245 kg steers and Undaria pinnatifida 
by- product are expressed in kg/ha and 
% dry matter, respectively. Data are 
expressed as mean values. Sources: 
Allen et al. (2001), Anderson, Blanton, 
Gleghorn, Kim, & Johnson (2006), Bach, 
Wang, & McAllister (2008), Al- Shorepy, 
Alhadrami, & Jamali (2001), Hwang et al. 
(2014)
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et al., 2016), with some brown algae (e.g. L. digitata, S. latissima and 
A. esculenta) showing arsenic levels above 40 mg/kg (Biancarosa 
et al., 2018). But the majority of arsenic in seaweeds are pres-
ent in less toxic organic forms, mainly arsenosugars (Biancarosa 
et al., 2018; Smith, Summers, & Wong, 2010; Taylor et al., 2017), 
rather than in inorganic forms (Rose et al., 2007). Therefore, it 
seems that the arsenic threat to the general population as a result 
of consumption of livestock products reared on a diet consisting 
of macroalgae- based feed is negligible (Monagail et al., 2018). 
Monagail et al. (2018) reported that the estimated daily intake of 
arsenic, for livestock production given a macroalgal feed based on 
A. nodosum, was <0.01% of the suggested safe level. However, the 
high amount of arsenic inorganic forms in some brown algae, such 
as Halidrys siliquosa (Biancarosa et al., 2018) and Hizikia fusiforme 
(Rose et al., 2007) can have safety implications and hamper their 
utilization in animal feed.

6  |  METHODOLOGY

The research publications reviewed in the present study were all 
obtained from Web of Science (Clarivate Analytics, Philadelphia, 
PA, USA) source from 2nd of March to 15th of September of 2020. 
The values presented in Tables 1, 2 and 3 were converted to the 
same units of measure. The chemical composition of macroalgae was 
converted from a wet (w/ww) to a dry (w/dw) weight basis when 
the % DM or moisture of the algae was available in the report. The 
individual value of each amino acid (AA) or fatty acid (FA) was ob-
tained, as follows: (AA or FA ×100) / total of AA or FA. In Table 4 
and Figure 1, the incorporation level of seaweed extract was con-
verted from % DM to % feed, when the % DM or moisture of the 
experimental diets was provided. Those converted values are also 
considered for Table 5.

7  |  EFFEC TS ON GROW TH PERFORMANCE

The literature review on the influence of dietary macroalgae inclu-
sion on growth performance of ruminant and monogastric species 
is presented in Table 4. Macroalga cell walls contain a wide variety 
of complex carbohydrates, such as the polysaccharides alginate, 
laminarin and fucoidan. The different ability of ruminants and mo-
nogastric animals to digest macroalgae cell walls (Makkar et al., 
2016) influences the impact of seaweeds on animal growth. Several 
studies have indicated that macroalgae incorporation in the diet can 
efficiently improve growth performance in livestock animals, as de-
tailed below.

7.1  |  Ruminants

Macroalgae have been used in ruminant animals to improve growth 
performance. Therefore, seven studies were reviewed where sea-
weeds were incorporated in diets as either a feed supplement or in-
gredient. The first consist of extracts of processed whole algae (i.e. 
A. nodosum, TascoTM) (Anderson, Blanton, Gleghorn, Kim, & Johnson, 
2006; Allen et al., 2001; Bach, Wang, & McAllister, 2008; Fike et al., 
2001, 2005), algal by- product (roots and stems separated during 
processing of U. pinnatifida), or dried and ground seaweed meal col-
lected from fish ponds (Al- Shorepy, Alhadrami, & Jamali, 2001). The 
latter consist of whole algae that was dried and milled, in order to be 
used an alternative protein source to soybean meal (i.e. Porphyra sp.) 
(Lind et al., 2020).

Considering macroalgae as an animal feed supplement and ex-
tract, A. nodosum, which is the most common species of brown alga 
fed to ruminants (Evans & Critchley, 2014; Makkar et al., 2016), 
was found to stimulate animal growth (Allen et al., 2001; Fike et al., 
2001). The latter results might be due to the use of this macroalgae 

F I G U R E  2  Feed efficiency in pigs fed 
a diet supplemented with macroalgae 
extracts between 14 and 91 days. The 
Laminaria digitata extract fed to pigs with 
7.6 ± 0.9 kg contained 0.024% fucoidan 
and 0.03% laminarin. Data are expressed 
as mean values. Sources: Choi et al. 
(2017), Draper, Walsh, McDonnell, & 
O'Doherty (2016), Gardiner et al. (2008), 
He, Hollwich, & Rambeck (2002), Heim et 
al. (2014), McDonnell, Figat, & O'Doherty 
(2010), O'Doherty, Dillon, Figat, Callan, & 
Sweeney (2010), Turner, Dritz, Higgins, & 
Minton (2002)
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as an agent that promotes antioxidant activity in plants and animals 
(Fike et al., 2001) and acts as an immune- stimulator (Allen et al., 
2001). The conteracting of biotic or abiotic stressors by A. nodosum 
was shown in the study of Fike et al. (2001), where wether lambs fed 
with endophyte- infected fescue pastures treated with A. nodosum 
extract at 1.7 to 3.4 kg/ha had an increased weight gain compared 
with the animals receiving untreated infected fescue. The absence 
of stressors renders this brown macroalgae without an effect on ru-
minant growth. Conversely to Fike et al. (2001), no effect on lambs 
‘growth was found when algae was incorporated at 1% DM of a hay- 
based diet (Fike et al., 2005). In addition, no effect on average daily 
gain (ADG) and gain to feed ratio (G:F) was reported at supplementa-
tion rates of 1 to 2% feed in a barley- based diet fed to newly weaned 
lambs (Bach et al., 2008), or around 0.92% feed (2% DM) in a corn 
silage- based diet fed to 10 month- old heifers and steers (Anderson 
et al., 2006). However, an exception was found for steers fed un-
infected fescue pastures supplemented with A. nodosum extract 
at 3.4 kg/ha, since the alga supplementation caused a decreased 
feed conversion ratio (FCR) during the feedlot finishing period, al-
though it was only reported in one of the grazing locations (Allen 
et al., 2001). Moreover, macroalgae can also be used as a prebiotic 
agent that modulates gut microbiota. That was described by Bach 
et al. (2008), which observed a decrease of Escherichia coli counts 
in faeces of steers and lambs fed a barley- based diet supplemented 
with A. nodosum (1 to 2% feed) and, therefore, less bacterial carcass 
contamination, but without any effect on lamb growth promoted by 
the algae.

Positive effects on ruminant growth were reported when a 
by- product of the brown algae U. pinnatifida was fed at 2% DM to 
22- month- old steers. This alga led to an increased G:F and tended 
to promote ADG, while decreasing average daily feed intake (ADFI) 
(Hwang et al., 2014). These results were described to be due to the 
presence of phlorotannins (Makkar et al., 2016), which can increase 
the amount of rumen undegradable proteins, thus improving protein 
utilization in ruminants. The only negative effects of the use of mac-
roalgae as a supplement were reported by Al- Shorepy et al. (2001), 

since an increase of FCR and DM intake and a non- significant de-
crease of ADG was found in 120- day- old lambs fed with dried sea-
weed meal at 1% feed (as is). However, these results were suggested 
to be caused by the decrease of digestive tract fill due to a laxative 
effect of that macroalgae mixture.

The dietary incorporation of the red macroalgae Porphyra sp. at 
9.7% feed (as is) promoted lamb growth. This alga led to an increased 
ADG and feed intake in 5 months- old lambs, compared with a grass 
silage and crushed oats- based control diet. Moreover, the lambs 
fed with either Porphyra or soybean diet had similar ADG, showing 
that Porphyra sp. can replace soybean and provide the diet with an 
identical high- quality protein (Lind et al., 2020). Considering green 
seaweeds, to date, no effects on growth performance have been re-
ported in ruminants for any specific seaweed.

The relationship between levels of inclusion of macroalgae and 
G:F in ruminants is presented in Figure 1. The collected data show 
that this relationship is dependent on the alga species. The incor-
poration of U. pinnatifida by- product at 2% DM in the diet of steers 
with 619 kg led to an increase of G:F (Hwang et al., 2014), but no 
significant modification of feed efficiency was observed with A. no-
dosum extract fed at 0.92% feed (2% DM) to steers and heifers with 
385 ± 4.5 kg (Anderson et al., 2006), at 3.4 kg/ha to steers with an 
average of 245 ± 6.0 kg (Allen et al., 2001) or at 1% and 2% feed to 
newly weaned lambs with 19 ± 2.2 kg (Bach et al., 2008). However, 
this brown alga extract was shown to influence feed efficiency de-
pending on the location and endophyte- infection of the pasture 
(Allen et al., 2001). Moreover, a decrease of G:F was found when a 
seaweed meal was fed at 1% feed to lambs with 13.6 ± 0.95 kg (Al- 
Shorepy et al., 2001).

7.2  |  Pigs

Ten studies were reviewed to analyse the effect of dietary supple-
ments of brown or mixed seaweeds on pig growth performance. 
Some reports evaluated the use of macroalgae as dried whole algae 

F I G U R E  3  Feed efficiency in poultry 
fed a diet supplemented with macroalgae 
extracts between 14 and 84 days. Data 
are expressed as mean values. Sources: 
Abbaspour, Davood, & Mohammadi- 
Sangcheshmeh (2015), Abbaspour et al. 
(2015), Abudabos et al. (2013), Choi, Lee, 
& Oh (2014), El- Deek and Brikaa (2009), 
Kulshreshtha et al. (2014), Zhu et al. 
(2015)
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(He, Hollwich, & Rambeck, 2002) (L. digitata and Laminaria hyperbo-
rea), dried and ground algal leaves (Choi et al. 2017) (Ecklonia cava), 
processed whole algae extract (i.e. A. nodosum) (Gardiner et al., 2008; 
Turner, Dritz, Higgins, & Minton, 2002) or brown, red and green algae 
mixed extract (Ruiz, Gadicke, Andrades, & Cubillos, 2018). However, 
the majority of studies added extracted polysaccharides (i.e. lamina-
rin and/or fucoidan) from brown seaweeds (i.e. Laminaria sp.) to pig 
diet (Bouwhuis, et al., 2017a; Bouwhuis, Sweeney, Mukhopadhya, 
McDonnell, & O'Doherty, 2017b; Draper, Walsh, McDonnell, & 
O'Doherty, 2016; Heim et al., 2014; McDonnell, Figat, & O'Doherty, 
2010; O'Doherty et al., 2010). These compounds were used due to 
their prebiotic, antimicrobial, antioxidant, anti- inflammatory and 
immune- stimulant properties (Corino et al., 2019), which can be im-
portant in the stressful post- weaning period where pigs are exposed 
to infection by gut bacteria (e.g. Salmonella typhimurium) (Bouwhuis, 
et al., 2017a, b). Therefore, with the exception of two studies that 
only reported the effects of macroalgae on grower and finisher pigs 
(Bouwhuis, et al., 2017a; Gardiner et al., 2008), all studies described 
the effects of macroalgae on weanling pigs. Ruiz et al. (2018) and 
Draper et al., (2016) reported the long- term effects of algae, from 
weaning to slaughter. In some reports, seaweed compounds were 
fed to piglets and lactating sows, in order to see the repercussion 
on offspring growth (Bouwhuis, et al., 2017b, Draper et al., 2016). 
Although algae extracts were used to replace cereals, such as corn- 
starch (Turner et al., 2002) and wheat (Gardiner et al., 2008), low 
amounts of algae were incorporated (up to 1 to 2% feed), which con-
sequently conferred algae compounds a supplement rather than an 
ingredient function.

The dietary supplementation with whole Laminaria spp. at 0.116 
and 0.186% feed (as is) (He et al., 2002) or E. cava algae leaves at 0.05 
to 0.15% feed (as is) (Choi et al., 2017) were shown to increase ADG 
in piglets. The effect of Laminaria spp. was suggested to be due to 
a high bioavailability of iodine from this alga and, thus, an enhance-
ment of pig´s basal metabolism with consequently increased protein 
synthesis (He et al., 2002). The fact that algae leaves were rich in 
fucoidan that was responsible for an increase of ileal villous height 
(Choi et al., 2017) and, thus, nutrient absorption, might explain the 
stimulation of piglet growth.

On the other hand, the dietary supplementation with algae ex-
tract led to inconsistent results on pig growth. A. nodosum extract 
was shown to increase ADG and final body weight when fed to 
newly weaned pigs at 0.5 to 1% feed (Turner et al., 2002), whereas, a 
decreased ADG was found when this brown alga was fed to grower- 
finisher pigs at 0.3 to 0.9% feed (Gardiner et al., 2008). The health 
status (e.g. S. typhimurium- infected pigs in the first study versus un-
infected pigs in the second study) and growth stage of the pigs may 
be factors affecting the effectiveness of A. nodosum. Overall, these 
results showed that positive effects on growth could be found, 
when algae extracts were given to weanling pigs. However, its influ-
ence might only be detected in latter stages of growth with pigs pro-
cessing a mature immune system (Corino et al., 2019). In fact, Ruiz 
et al. (2018) described an increased ADG and G:F in fattening pigs 
(up to 160 days) when a seaweed mixture extract was fed, at nursery 

period (24 to 55 days of age), at 0.5% feed (processed). The stim-
ulation of growth was associated with prebiotic and anti- microbial 
activity of algae compounds demonstrated by decreased E. coli and 
increased Lactobacillus counts in faeces (Ruiz et al., 2018).

The addition of extracted polysaccharides, such as laminarin at 
0.030% feed (Heim et al., 2014; McDonnell et al., 2010), or a mixture 
of laminarin at 0.018 (Bouwhuis, et al., 2017a) to 0.030% (O'Doherty 
et al., 2010) feed and fucoidan at 0.024% (O'Doherty et al., 2010) to 
0.034% (Bouwhuis, et al., 2017a) feed, was shown to increase ADG 
and G:F in newly weaned or grower pigs. Only a decrease of G:F was 
reported by Draper et al. (2016) when the same mixture of laminarin 
and fucoidan was added to piglet diet. In one study (Bouwhuis, et al., 
2017b), the stimulation of pig growth was reported in pigs born to 
laminarin extract supplemented sows (1 g/day). These results were 
previously described to be due to enhanced gene expression of 
nutrient transporters in the ileum (Heim et al., 2014), as well as an 
increased number of Lactobacillus spp. and a decreased number of co-
liforms (E. coli) (O'Doherty et al., 2010) and other Enterobactereaceae 
(Lynch, Sweeney, Callan, O'Sullivan, & O'Doherty, 2010) in the pig 
gut. Additionally, laminarin and fucoidan extracts were able to in-
crease duodenal villous height (Walsh, Sweeney, O'Shea, Doyle, & 
O'Doherty, 2013) and ‘villous height: crypt depth’ ratio (Walsh et al., 
2013). Furthermore, the anti- inflammatory effect of algal polysac-
charides with consequent reduction of pro- cytokines (e.g. interleu-
kins) (Bouwhuis, et al., 2017a, b) might have contributed to reduce 
energy and amino acidic expenditure (Corino et al., 2019) and, thus, 
promote pig growth.

The relationship between the level of macroalga inclusion and 
G:F in pigs is presented in Figure 2. The collected data show that 
this relationship is dependent on the algae species, the development 
stage of the pig and the bioactivity of the polysaccharides present 
in the seaweed. No significant modification of feed efficiency was 
observed when A. nodosum was fed at 0.3 to 0.9% feed to pigs with 
48.7 ± 2.5 kg (Gardiner et al., 2008) or at 0.5 to 2% feed to pigs with 
7.1 kg (Turner et al., 2002). In the latter study, the decrease (p = 0.05) 
of G:F with 2% of alga inclusion was possibly underestimated by 
feed wastage (Turner et al., 2002). Also, E. cava fed at 0.05 to 0.15% 
feed caused no significant effect on G:F, although a slight numerical 
increase (from 0.62 to 0.65) was observed at inclusion levels of up 
to 0.10% (Choi et al., 2017). Conversely, the dietary incorporation of 
Laminaria spp. influenced feed efficiency in piglets but with incon-
sistent results. An increase of G:F (from 0.50 to 0.54) was found in 
pigs with 6.4 to 7 kg fed laminarin extract at 0.03% feed, but no sig-
nificant effect on feed efficiency was reported when pigs were fed 
fucoidan extract at 0.036% feed (Heim et al., 2014; McDonnell et al., 
2010). Moreover, a decrease, or a tendency for a reduction, of G:F 
was reported in pigs with 7.85 ± 1.42 kg fed both laminarin (0.03% 
feed) and fucoidan (0.024% feed) at 70 to 126 days or 28 to 126 days 
after weaning, respectively (Draper et al., 2016). Conversely, oth-
ers found that the combination of the two polysaccharides caused 
either a non- significant numerical increase (from 0.47 to 0.53) of 
G:F in pigs with an average of 6.65 ± 0.61 kg (Heim et al., 2014; 
McDonnell et al., 2010), or a significant increase of G:F in pigs with 
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7.6 ± 0.9 kg fed L. digitata extract at 0.28% feed (O'Doherty et al., 
2010). Similarly, an enhancement of feed efficiency was found in 
older piglets with 17 ± 2.0 kg fed 0.116 to 0.186% of L. digitata (He 
et al., 2002).

7.3  |  Poultry

Twelve studies were reviewed to analyse the effect of macroalgae 
on poultry growth, when incorporated as a feed supplement or in-
gredient. The first consist of whole brown algae by- products (fer-
mented or non- fermented) (i.e. U. pinnatifida and H. fusiformis) (Choi, 
Lee, & Oh, 2014); purified polymannuronate obtained by processing 
of alginate that was extracted from a brown algae mixture (i.e. L. hy-
perborean, M. pyrifera, Lessonia nigrescens and A. nodosum) (Zhu et al., 
2015). Additionally, dried and ground whole red algae (Polysiphonia 
spp., El- Deek & Brikaa (2009); Chondrus crispus and Sarcodiotheca 
gaudichaudii, Kulshreshtha et al. (2014)) were used, respectively, as 
pellet binder or prebiotic; and also fresh whole green seaweeds (i.e. 
Ulva prolifera, former Enteromorpha prolifera, and Cladophora sp.) for 
microelements supplementation (Michalak et al., 2011).

The latter consist of a brown whole air- dried and ground algae 
mixture (eight species, among which Sargassum cervicorne; Zahid Ali, 
& Zahid (2001)); whole dried and ground green seaweeds (U. rigida, 
Ulva taeniata, U. lactuca or Ulva sp.) (Ventura, Castanon, & McNab, 
1994; Zahid, Aisha, & Ali, 1995; Abudabos et al., 2013; Wong & 
Leung, 1979) used to replace basal dietary ingredients, such as corn 
(Abudabos et al., 2013); or whole red algae processed in a similar 
way and replacing soybean meal and corn (G. persica and U. lactuca) 
(Abbaspour, Davood, & Mohammadi- Sangcheshmeh, 2015) or just 
soybean meal (Polysiphonia spp.) (El- Deek & Brikaa, 2009) as protein 
and amino acid source.

Considering macroalgae as an animal feed supplement, brown 
algae by- products were shown to increase body weight gain and 
G:F, when fed at 0.5% feed to broilers (Choi, et al., 2014). These find-
ings were associated to an activation of humoral immune response 
(i.e. increase of IgA and IgM), showing the importance of seaweed 
compounds as immunomodulators. Similar results were found when 
purified polymannuronate, which is a polymer of (1– 4) linked β- D- 
mannuronic acid that is part of alginate, was fed to chicks at up to 
0.4% feed (Zhu et al., 2015). The low molecular weight polymers 
caused an increase of ADG and G:F due to their prebiotic activity 
(i.e. modification of caecal bacterial diversity with increase of lactic 
acid bacteria and decrease of E. coli), alteration of gut fermentation 
(i.e. increased concentrations of lactic and acetic acids in caecum), 
immunomodulatory (i.e. increase of Ig M) and antioxidant properties 
(Zhu et al., 2015).

However, inconsistent results on poultry growth have been de-
scribed in the literature with red macroalgae. Indeed, no significant 
effect on growth was observed when Polysiphonia spp. was fed at 
1.5 and 3% feed (as is) to 1- day- old ducks (El- Deek & Brikaa, 2009). 
Conversely, C. crispus and S. gaudichaudii fed to 67- week- old laying 
hens at 1 or 2% feed (as is) led to a decrease of FCR and increase of 

egg weight (Kulshreshtha et al., 2014). The latter results were likely 
due to a modification of ileal microbiota (i.e. increase of transcripts 
of Bifidobacterium longum and Streptococcus salivarius, decrease of 
transcripts of Clostridium perfringens), caecal fermentation and an 
increase of ileal villus height and surface area and, thus, promoted 
nutrient absorption (Kulshreshtha et al., 2014).

The use of green macroalgae highlights their application as or-
ganic mineral feed additives for replacement of inorganic ones 
(Makkar et al., 2016). U. prolifera and Cladophora sp. were shown to 
increase body weight, egg weight and eggshell thickness in laying 
hens fed algal biomass (0.0966% to 0.0036% feed, as is) enriched 
with microelements, with emphasis for zinc, cobalt and copper 
(Michalak et al., 2011). These results were likely due to a higher bio-
availability of minerals in organic than in inorganic forms (Makkar 
et al., 2016).

Macroalgae used as feed ingredient for poultry caused dis-
tinct effects depending on the level of incorporation. For instance, 
a brown algae mixture, including S. cervicorne (Zahid et al., 2001), 
led to a decreased final body weight in broiler chicks fed the algae 
at 20% and 30% feed (as is), whereas, 10% of inclusion caused an 
opposite effect. Similar results were found with U. rigida (Ventura 
et al., 1994) or a green algae mixture containing species from Ulva 
genus (Zahid et al., 1995) fed to chicks at levels between 10 and 
30% feed (as is), although U. rigida caused a variable effect on weight 
gain instead of body weight. Ventura et al. (1994) even suggested 
that the dietary inclusion of macroalgae as a feed ingredient for 
10 to 20- day- old chicks should be limited to 10% feed due to the 
high content of indigestible polysaccharides present in seaweeds. 
However, when the level of alga incorporation was too low, no 
significant effect on broiler chick growth was reported (Abudabos 
et al., 2013). For instance, U. lactuca fed at up to 3% feed (as is) to 12 
to 33- day- old chicks led to only a numerical increase of body weight 
gain and increased dressing percentage and breast muscle yield of 
carcass (Abudabos et al., 2013). These slight effects were probably 
due to an enhancement of crude protein content and essential amino 
acids, such as threonine and methionine, in the algal diets, which 
contradicts the low sulphur- essential amino acids content of U. lac-
tuca described by Mæhre et al. (2014). Differences on seaweed pro-
tein quality might be caused by distinct seasonal and geographical 
conditions. Additionally, it is essential to consider the growth stage 
of the chicks when choosing the appropriate level of inclusion of 
green algae. Ulva sp. was shown to cause a non- significant increase 
of weight gain and feed efficiency when fed to older broiler chicks 
(53- day- old) at 25% feed (as is) (Wong & Leung, 1979).

The dietary inclusion of the red macroalgae G. persica and 
Polysiphonia spp. did not impair poultry growth, when fed to 
14- day- old broiler chicks at 26.4% feed (as is) (El- Deek & Brikaa, 
2009) or to 5 week- old laying quails at 1 to 5% feed (as is) (Abbaspour 
et al., 2015), respectively. These results evidenced the high- quality 
of protein presented in seaweeds, making them a valuable ingredient 
for replacement of other protein sources, such as soybean meal.

The relationship between the level of inclusion of macroalgae 
and G:F in poultry is presented in Figure 3. The collected data show 
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that this relationship was dependent on algae and animal species. 
Both G. persica and U. lactuca had no effect on feed efficiency when 
fed at 1 to 5% feed to 5- week- old laying quails with 200 ± 20 g 
(Abbaspour et al., 2015) or at 1 to 3% feed to 19 to 33- day- old 
broiler chicks (Abudabos et al., 2013), respectively. Similar results 
were found when Polysiphonis spp. was fed at 1.5 to 3% feed to 
1- day- old ducklings, but higher inclusion rates (26.4% feed) of the 
same seaweed fed to 14- day- old broiler chicks led to a decrease of 
G:F (from 0.47 to 0.23) (El- Deek & Brikaa, 2009). In contrast, feeding 
either 67- week- old laying hens with C. crispus or S. gaudichaudii at 
0.5 to 2% feed or 1- day- old broiler chicks (average of 43.97 ± 0.67 g) 
with U. pinnatifida, H. fusiformis by- products (Choi et al., 2014) and a 
purified polymannuronate from a brown algae mix (Zhu et al., 2015) 
at 0.4 to 0.5% feed led to an increase of feed efficiency.

7.4  |  Rabbits

The effect of a feed supplement (1 to 2% feed) of green seaweed 
U. lactuca on the growth of 6- month- old buck rabbits and 5 to 
6- months- old doe rabbits was evaluated and a decrease of final 
body weight was reported with the alga at 2% feed (Okab et al., 
2013). The authors suggested that this result was probably due to 
low digestible nutrients (i.e. polysaccharides) and high ash contents 
of alga, with the consequent reduction of palatability and feed in-
take, even though the latter variable was not analysed in the study.

8  |  EFFEC TS ON ME AT QUALIT Y

The bibliographic review concerning the influence of dietary mac-
roalgae inclusion on meat quality of ruminant and monogastric spe-
cies is shown on Table 5. Overall, macroalgae are rich in n- 6 and 
n- 3 PUFA (Cardoso et al., 2017; Kendel et al., 2015; Wahbeh, 1997), 
which would contribute to have a healthier meat product for con-
sumers. In addition, seaweeds were shown to have important an-
tioxidant potentials due to their high contents in polyphenols (e.g. 
phlorotannins) (Makkar et al., 2016), α- tocopherol, carotenoids and 
ascorbic acid (Plaza et al., 2008), thus contributing to enhance meat 
shelf- life. Several studies have demonstrated that dietary macroal-
gae inclusion can efficiently improve meat quality in livestock ani-
mals, as detailed below.

8.1  |  Ruminants

The processed extract of the brown macroalgae A. nodosum 
(TascoTM) is the only feed supplement presently reviewed, as it was 
used to increase meat quality in six studies. This seaweed was shown 
to increase carcass marbling scores (i.e. intramuscular fat deposition) 
and USDA quality grade when fed to 10-  (Anderson et al., 2006) 
and 6- month- old (Braden et al., 2007) steers and heifers at 2% DM 
and to grazing steers at 3.4 kg/ha (Allen et al., 2001). These results 

might be related to immune- stimulating properties (e.g. increase of 
monocyte phagocyte activity and major histocompatibility complex 
class II expression) of A. nodosum extract, described, for instance, in 
steers grazing infected fescue treated with 3.4 kg extract/ha (Saker 
et al., 2001) and, thus, less energy spent for immune system func-
tion and more for fat deposition. Also, an increase of a* value (more 
redness) and meat visual colour and colour uniformity scores, as well 
as a decrease of meat discoloration and browning scores, were re-
ported when this macroalga extract was fed to 6- month- old (Braden 
et al., 2007) steers and heifers at 2% DM and to grazing steers at 
3.4 kg/ha (Montgomery et al., 2001). These effects of alga were sug-
gested to be due to its antioxidant activity, causing, for instance, an 
increased amount of oxymyoglobin (oxygenated myoglobin) and a 
decreased amount of metmyoglobin (brown, oxidized myoglobin) in 
finished- ruminants (up to 170 days) fed with algae extract at 2% DM 
(Braden et al., 2007).

Moreover, A. nodosum processed extract was shown to have 
antioxidant activity by increasing superoxide dismutase in fes-
cue and serum concentration of vitamin E and vitamin A in wether 
lambs grazing endophyte- infected fescue foliarly applied with 1.7 
to 3.4 kg extract/ha, even though the amount of serum vitamin E 
was decreased with uninfected treated- fescue (Fike et al., 2001). 
Additionally, the concentration of vitamin E tended to be enhanced 
in the liver of steers grazing both infected and uninfected fescue 
treated with extract at 3.4 kg/ha (Montgomery et al., 2001).

Overall, no major impact of A. nodosum extract was found on 
meat sensory traits when it was fed to wether lambs at 3.0 kg/ha 
or 1% DM (Fike et al., 2005) or to steers at 3.4 kg/ha (Montgomery 
et al., 2001), although increased initial tenderness and decreased 
off- flavours were reported when steers were fed the extract at 2% 
DM (Braden et al., 2007).

The influence of macroalgae on meat FA composition was evalu-
ated for wether lambs fed A. nodosum extract at 3.0 kg/ha or 1% DM, 
and a decrease of 18:0 and total SFA and a non- significant increase 
of unsaturated fatty acids (UFA) (i.e. 14:1n- 5; 16:1n- 7, 18:1n- 9, 18:1n- 
7, 18:2n- 6) were observed for both inclusion levels (Fike et al., 2005).

8.2  |  Pigs

The brown algae Laminaria spp. has been widely used as a feed sup-
plement to increase meat quality in pigs, either in the form of dried 
whole algae (He et al., 2002) or polysaccharides (i.e. laminarin and 
fucoidan)- based seaweed extracts (Moroney et al., 2012; Moroney 
et al., 2015; Rajauria, Draper, McDonnell, & O'Doherty, 2016), as re-
viewed in a total of four studies. The whole alga L. digitata led to a 
non- significant increase of meat score and to an enhancement of 
iodine concentration in fresh adipose tissue and muscle in piglets 
fed the alga at 0.116 or 0.186% feed (as is). As described for growth, 
these results were caused by a higher bioavailability of iodine in or-
ganic than in inorganic form (Makkar et al., 2016). Laminarian and 
fucoidan extracts from processed algae were shown to exert an-
tioxidant activity in muscle. In fact, a decreased lipid peroxidation 
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(TBARS assay) was found when pigs were fed a wet form of L. digi-
tata extract at 2.63% feed, providing laminarin at 0.05% feed and 
fucoidan at 0.042% feed (Moroney et al., 2012). Similar results 
were reported with the same extracted algae species but deliver-
ing diets with total laminarin and fucoidan concentration of either 
0.045% feed or 0.090% feed (Moroney et al., 2015). Additionally, 
Laminaria spp. extract at 0.53% feed (0.018% laminarin and 0.033% 
fucoidan) were shown to cause both a decrease of lipid peroxidation 
and an increased DPPH free radical scavenging capacity (Rajauria 
et al., 2016). However, no effect of the seaweeds on DPPH inhibi-
tion was reported by Moroney et al. (2015), which might have been 
due to a biotransformation of laminarin and fucoidan into unreactive 
compounds.

The decrease of a* and increase of b* values on surface of fresh 
longissimus dorsi muscle after feeding pigs with polysaccharides- 
based Laminaria spp. extract, in the study of Rajauria et al. (2016), 
was suggested to be caused by an interaction between the mixture 
of laminarin (0.018% feed) and fucoidan (0.033% feed) and meat 
constituents. Moroney, O'Grady, O'Doherty, & Kerry (2013) showed 
that one of the constituents might be muscle oxymyoglobin, and 
meat surface redness can be a function of extract´s concentration.

Moreover, feeding pigs with laminarin and fucoidan extract at 
0.045% feed for 3 weeks was shown to have a positive effect on 
visual sensory analysis, with an increase of purchasing appeal and 
overall visual acceptability of meat stored up to 7 days.

The influence of macroalgae on pork FA composition was evalu-
ated for pigs fed laminarin and fucoidan extract at 0.045 or 0.090% 
feed. Thus, a decrease of 18:0 and total SFA was observed with ex-
tract at 0.090%, which indicated the beneficial effect of these algal 
polysaccharides on muscle FA profile (Moroney et al., 2015).

8.3  |  Poultry

Seaweeds have been used in poultry as feed supplement or ingredi-
ent to improve meat quality, which was reviewed in three studies. 
The first consist of a purified polymannuronate that was a compound 
of alginate extracted from a brown algae mixture (Zhu et al., 2015), 
whereas the latter was whole dried and ground green algae from 
Ulva genus (Ulva sp. and U. lactuca) (Wong & Leung, 1979; Abudabos 
et al., 2013).

The polymannuronate supplementation caused a linear reduc-
tion of lipid peroxidation in breast muscle (TBARS assay) when fed 
at increasing amounts 0.1 to 0.4% feed (processed) to 1- day- old 
broilers chicks. The antioxidant activity of this alginate polymer was 
reinforced by an increased glutathione peroxidase activity (GSH- Px) 
with polymannuronate at 0.1 and 0.2% feed (Zhu et al., 2015). Other 
studies have also reported that alginate oligomers and polymers can 
exert strong antioxidant activities (Tomida et al., 2010; Zhao, Li, Xue, 
& Sun, 2012), which might contribute to an increased meat shelf- life.

Few meat- quality parameters were analysed when Ulva genus 
was fed to chicks as a dietary ingredient. Thus, the amount of ab-
dominal fat, breast colour (Abudabos et al., 2013) and protein 

content of pectoral muscle (Wong & Leung, 1979) were assessed. 
The only parameter that was influenced by algae feeding was the 
amount of abdominal fat, which gradually decreased when U. lactuca 
was fed at 1 and 3% feed (as is) to 12 to 33- day- old broiler chicks 
(Abudabos et al., 2013). The latter authors suggested that these 
data could be explained by an increase of dietary soluble fibre and 
consequent enhance of viscosity, bile salt binding capacity and fer-
mentability (Davidson & McDonald, 1998).

9  |  CONCLUSIONS AND FUTURE 
PERSPEC TIVES

The most common algae feed supplements are brown macroalgae 
extracts, such as A. nodosum for ruminants at up to 2% DM and 
Laminaria sp. extracted polysaccharides (fucoidan and laminarin) 
for pigs at up to 0.04% feed, each. In addition, the main algae feed 
ingredients are green seaweeds, such as Ulva sp., for poultry at a 
recommended level of dietary incorporation of up to 10% feed. The 
reviewed literature showed that all these seaweeds could improve 
growth performance and meat quality in livestock animals. These 
results were attributed to the high nutritional quality of algae and 
to immunomodulatory, prebiotic and antioxidant properties of algae 
compounds (e.g. bioactive polysaccharides). Besides the advanta-
geous of using macroalgae in animal nutrition, seaweeds are ex-
pected to contribute to global climate change mitigation, which is of 
relevance to environmental sustainability.

However, feeding macroalgae is also associated to potential con-
straints, which include an excessive bioaccumulation of inorganic el-
ements from seawater (e.g. iodine) and heavy metals, such as arsenic, 
mercury, lead, cadmium and aluminium. There may also exist prob-
lems of nutritional quality due to nutrient loss (e.g. vitamins), as a 
result of macroalgal processing for incorporation in animal feeds, an 
inferior content of protein compared with soybean meal and digest-
ibility problems (i.e. algal recalcitrant cell walls). In addition, some 
relevant challenges can be found related to algal production, such as 
the costs of large- scale production (e.g. nutrient resources), harvest-
ing and drying of macroalgae. Thus, the environmental impacts may 
be significant as revealed by LCA, especially due to macroalgal dry-
ing, if no countervailing measures are taken. Regardless of all these 
constraints of feeding and producing seaweeds, many of them can 
be irrelevant or minimized. The current levels of metals in seaweeds 
were not associated to a serious deleterious impact on health. The 
nutritional quality problems can be minimized through preservation 
of vitamins with alternative drying methods and extraction systems. 
Additionally, the lower amount of protein in algae is overcome by its 
high quality, and the dietary application of specific CAZymes can 
enable the degradation of algae cell wall polysaccharides with con-
sequent increase of nutrients bioavailability. Moreover, the use of 
IMTA, which may represent a sustainable and profitable system for 
algae production, and the application of low energy and natural al-
ternatives of algal drying can countervail the environmental impacts 
of producing macroalgae.
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Overall, the positive effects of seaweed feeding on animal 
growth and meat quality, as well as their contribution to environ-
mental sustainability, can make algae a promising alternative to sta-
ple food crops, such as corn and soybean, as feed ingredients. This 
aspect would allow a reduction of the growing competition between 
food and feed chains.
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