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Abstract. Seaweed has the potential to serve as an alternative to conventional feed ingredients in
aquaculture, as it addresses some of the major issues such as fishmeal dependency, disease
management, and environmental impact. This review presents recent knowledge on the nutritional and
functional benefits of seaweeds (green, red, and brown macroalgae) in aquaculture, highlighting their
rich composition of proteins, essential amino acids (EAAs), polyunsaturated fatty acids (PUFAs),
antioxidants, and prebiotic polysaccharides. The study demonstrates that dietary seaweed inclusion
enhances growth performance, immune response, stress tolerance, and pigmentation in finfish (e.g., Nile
tilapia, European seabass), shrimp, and oysters, while also improving gut health and nutrient
digestibility. Despite these advantages, challenges such as species-specific efficacy, nutritional
variability, and large-scale cultivation barriers persist. Future efforts must focus on standardizing
cultivation, developing species-dependent feed formulations, and implementing supportive policies. By
bridging the gap between research and industry, this review underscores seaweed’s role in advancing
eco-friendly aquafeeds to meet the growing demand for sustainable aquatic protein.
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Introduction. Feed costs and disease outbreaks are major threats to sustainable
aquaculture practices (Austin 2023; Afewerki et al 2023). The success of aquaculture
operations predominantly depends on quality feed and effective disease management.
Fish meal, the main component of fish feed, serves as a significant protein source derived
from bycatch. However, its high cost and the unpredictability of trash fish supply lead to
overharvesting (Guroy et al 2011). Therefore, identifying alternative feed ingredients to
supply essential proteins and lipids is imperative. Additionally, the search for ingredients
that enhance growth, boost immunity, and improve survivability is ongoing. While some
terrestrial plants, such as legumes and oilseeds, have been considered, their use is
limited due to antinutritional chemicals, palatability issues, and nutritional imbalances for
fish (Bandara, 2018).

Recent research has focused on seaweeds as a promising alternative protein
source and functional additive in aquafeeds (Wan et al 2019; Siddik et al 2023).
Seaweeds are rich in amino acids, polysaccharides, polyunsaturated fatty acids (PUFAs),
antioxidants, vitamins, fibers, and minerals (MacArtain et al 2007; Guedes et al 2015;
Radulovich et al 2015; Ismail et al 2017; Chakroborty et al 2025). They provide essential
elements such as iodine, potassium, calcium, magnesium, and selenium, which enhance
growth, immunity, survival, and flesh quality in aquatic species (Mouritsen 2013; Corino
et al 2019). Seaweeds are also available year-round, easy to harvest, and offer
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sustainability benefits for aquaculture. With their low lipid content (1-5%), primarily
composed of PUFAs, and mineral levels up to 20 times higher than those of terrestrial
plants, seaweeds are an excellent source of energy, minerals, and protein (MiSurcova et
al 2011; Gaillard et al 2018).

The use of seaweed in aquafeeds provides significant benefits to various aquatic
species. The green seaweed Ulva lactuca demonstrated growth improvement alongside
enhanced feed usage and immune function in Nile tilapia (Oreochromis niloticus) (Natify
et al 2015). The red seaweed Pterocladia capillacea improved growth for European
seabass (Dicentrarchus labrax) fry (Wassef et al 2013) and brown seaweed Ascophyllum
nodosum showed both antioxidant effects and immune response enhancement for
Atlantic salmon (Salmo salar) (Van Doan et al 2014). The bioactive substances in
seaweed, which include polysaccharides and carotenoids, serve to improve fish
pigmentation, which leads to better skin and flesh aesthetics that matter to market
demand (Rodriguez-Bernaldo et al 2010). Additionally, seaweed’s fiber and prebiotic
effects improve gut health and nutrient digestibility, particularly in herbivorous and
omnivorous species (Pereira et al 2012). Beyond its nutritional benefits, seaweed farming
supports environmental sustainability by absorbing CO2, mitigating climate change, and
reducing reliance on fishmeal, thereby alleviating pressure on wild fish stocks
(Buschmann et al 2017). These multifaceted impacts make seaweed a promising and
sustainable alternative for enhancing aquaculture productivity and environmental health.

Despite growing interest in seaweed-based aquafeeds, critical knowledge gaps
persist. Research conducted so far lacks standardized commercial inclusion levels,
together with insufficient knowledge about long-term physiological impacts and
significant variations in seaweed nutritional content. The combination of high variability in
seaweed composition with economic and scalability issues prevents the regular and broad
adoption of seaweed in aquafeeds. This review addresses these gaps by systematically
evaluating the nutritional efficacy of green, red, and brown seaweeds as feed ingredients
for finfish, shrimp, and oysters. Furthermore, it analyzes the functional roles of seaweed-
derived bioactive compounds in promoting growth, immune function, and stress
resilience, summarizing species-specific inclusion thresholds. Research from around the
world between 2010 and 2025 has been analyzed in this review to provide practical
insights for researchers, feed manufacturers, and policymakers to advance the
integration of seaweeds in environmentally responsible aquaculture systems.

Material and Method. This review specifically examines the potential of seaweed as an
ingredient in aquafeeds, focusing on its types, habitat, and nutritional composition. A
systematic search of scholarly literature was carried out using the Google Scholar,
ScienceDirect, Scopus, and Web of Science, targeting English-language publications and
including the title, abstract, and keywords fields (TITLE-ABS-KEY). The primary search
term employed was combined with various pertinent keywords, including "seaweed",
"aqua feed", "fish feed", “shrimp feed”, “oyster feed”, "“aquaculture", "nutritional
composition", "feed additives", "fish meal", "green seaweed", "brown seaweed” and "red
seaweed".

The growth input was calculated using the specific growth rate (SGR) and the
percentage of weight gain (%WG). The feed utilization and digestibility were determined
by the feed conversion ratio (FCR). Immunity was assessed based on haematological
parameters and the fish’s response to pathogen exposure. The survival rate (SR%) was
measured by the live fish after the experiment.

The results were evaluated based on the performance of seaweed incorporating
feed relative to the control treatment. After retrieving results from Scopus and Web of
Science databases, duplicate papers were initially eliminated. Subsequently, a
preliminary screening process was conducted based on a careful examination of titles and
abstracts, with articles deemed irrelevant to the specified topics of interest being
excluded. The methodological approach and exclusion criteria are delineated in Figure 1.
To ensure the reliability and credibility of the included studies, a quality assessment was
conducted on all selected studies. This assessment involved a general evaluation of
potential risks of bias, considering factors such as study design, methodology, and

AACL Bioflux, 2025, Volume 18, Issue 6. 2847
http://www.bioflux.com.ro/aacl



reporting. Studies with significant methodological concerns were excluded from the final
analysis to maintain the overall quality of the review.

Identification of studies via databases and registers
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Figure 1. Data collection and inclusion flowchart for systematic reviews.

Seaweed: types, nutritional composition and production. Seaweed encompasses
thousands of macroscopic, multicellular marine algae species that are photosynthetic
organisms and form the foundation of the marine food chain. Human interaction with
seaweed dates back to the New Stone Age (Erlandson et al 2015), with the earliest
documented use by humans occurring approximately 1,700 years ago in China (Yang et
al 2017). In recent years, seaweeds have been considered significant for fish diet (Siddik
et al 2023; Chakroborty et al 2025). Seaweed production has grown significantly over the
years, driven by advancements in the identification and cultivation of various species
(Figure 2). Globally, there are an estimated 12,000 species of seaweed, which are
classified into three main taxonomic groups: Rhodophyta (red), Chlorophyta (green), and
Phaeophyta (brown) (Guiry & Guiry 2022). However, only about 27 seaweed species are
cultivated worldwide, with a strong focus on a few key species. In 2019, five genera -
Laminaria, Saccharina, Undaria, Eucheuma/Kappaphycus, and Gracilaria - accounted for
more than 95% of the world's total seaweed cultivation production (Zhang et al 2022).
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Figure 2. Seaweed production (1950-2022) all over the world (FAO 2024).

Green seaweeds.The principal genera include Ulva, Codium, Chaetomorpha, and
Cladophora (Corino et al 2019). This algae belong to the Ulvophyceae class (phylum
Chlorophyta). Ulva, found in brackish water (mainly in estuaries), is one of the most
known genera of green seaweeds. Being filled with minerals, proteins, and vitamins,
these species are very appealing to study at a nutritional level (Jamal et al 2017). Ulva is
relatively rich in proteins and insoluble dietary fibers (glucans) and soluble fibers and has
potential as an alternative source of proteins for animal feeding (Corino et al 2019)
(Table 1). While the production of green seaweed is on the rise, it remains comparatively
lower than that of the other two groups in last decade(Figure 3).
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Figure 3. Different types of seaweed (brown and red (a), and green (b)) production
(1950-2021) all over the world (FAO 2024). Note: "Seaweed nei” means “seaweed, not
elsewhere included” - i.e., unspecified or mixed seaweed species that do not fall under

specific listed categories.

Red seaweeds. In general, red algae have higher protein content compared to green
and brown algae, with levels reaching up to 47% of dry matter in Neopyropia tenera
(Cian et al 2015) (Table 1). The proteins from this seaweed group are made up of one or
more chains of amino acids, especially glycine, alanine, arginine, proline, glutamic acid,
and aspartic acid. In contrast, tyrosine, methionine and cysteine appear in a lower
quantity. Glutamic and aspartic acids, which have acidic side chains at neutral pH,
account for 14-19% of the amino acids in red seaweeds (Cernd 2011). Essential amino
acids make up nearly half of the total amino acids, with their protein profile resembling
that of egg protein. In general, all algae contain similar levels of nonessential amino acids
(Moreda-Pifieiro et al 2012). Red seaweed is particularly rich in polyunsaturated 20-
carbon fatty acids, including eicosapentaenoic acid (EPA, w-3, C20:5) and arachidonic
acid (AA, w-6, C20:4), while palmitic acid (C16:0) is the predominant saturated fatty acid
at 26%, and oleic acid is the main monounsaturated fatty acid (Moreda-Pifieiro et al
2012).

Brown seaweeds. Commonly, brown algae (Phaeophyceae) are seaweeds with the
lowest protein content compared to red and green algae. The protein content in brown
seaweeds occurs within 5 to 15% (Dawczynski et al 2007; MiSurcova 2011). The
concentrations of essential amino acids in brown algae differ substantially between
species (Table 1). Threonine, valine, isoleucine, leucine, phenylalanine, lysine and
methionine concentrations were higher in Undaria pinnatifida than in Laminaria sp.
However, Laminaria sp. had higher concentrations of cysteine than U. pinnatifida.
Aspartic acid and glutamic acid were the most abundant in these algae species tested in
the study of Dawczynski et al (2007). Brown algae are balanced sources of w-3 and w-6
acids (Hamed et al 2015; Hayes 2015).
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Nutritional composition of different types of seaweed

Table 1

Species P A DF C L Reference
Green seaweed
Caulerpa 10-13 24-37 33 38-59 0.86 Morais et al
lentillifera (2020)
Caulerpa 17.8-18.4 7-19 64.9 33-41 9.8 Morais et al
racemosa (2020)
Codium fragile 8-11 21-39 5.1 39-67 0.5-1.5 Morais et al
(2020)
Enteromorpha 12.34+ 25.65+ - 59.79+1.33 0.02% Metin & Baygar
sp. 2.922 0.98% 0.01 (2018)
Ulva clathrata 21.9-25.9 44.8- 24.8-26.3 - 2.5-3.5 Pefia-Rodriguez
49.6 et al (2011)
Ulva compressa 21-32 17-19 29-45 48.2 0.3-4.2 Morais et al
(2020)
Ulva reticulata 17-20 - 65.7 50-58 1.7-2.3 Morais et al
(2020)
Ulva rigida 18-19 28.6 38-41 43-56 0.9-2.0 Morais et al
(2020)
Brown seaweed
Alaria esculenta 9-20 - 42.86 46-51 1-2 Morrissey et al
(2001); Abbott
(1988)
Ascophyllum 8.70+£0.0 30.89% - - 3.62% Lorenzo et al
nodosum 7 0.06 0.17 (2017)
Ecklonia cava 11.30% 15.60% 31.00+ 32.47+ 1.25+ Choi et al
0.63 0.57 0.72 0.57 0.19 (2017)
Eisenia bicyclis 7.5 9.72 10-75 60.6 0.1 Morais et al
(2020)
Fucus spiralis 0.77 - 63.88 - - Morais et al
(2020)
Fucus 12.99+ 20.71% - - 3.75% Lorenzo et al
vesiculosus 0.04 0.04 0.20 (2017)
Himanthalia 5-15 27-36 33-37 44-61 0.5-1.1 Morais et al
elongata (2020)
L. ochroleuca 12.83 18.33 11.65 56.68 0.51 Pacheco et al
(2021)
Laminaria 8-15 38 37 48 1.0 Rajauria et al
digitata (2015)
Saccharina 6-6.26 34.78 30 52-61 0.5-1.1 Morais et al
latissima (2020)
Sargassum 11.6 19.77 17-69 30.6 1.4 Morais et al
fusiforme (2020)
Sargassum 3.65% 24.51% - 53.66% 0.5% Manteu et al
polycystum fat (2018)
Sargassum 9.19- 13.07- 4.80- 52.62-68.54 0.15- Marinho-Soriano
vulgare 19.94 30.35 10.51 0.79 et al (2006)
Undaria 12-23 26-40 16-51 - Little Morais et al
pinnatifida amount (2020)
Red seaweed
Agarophyton 13.7 18.9 - 66.1 1.3 Morais et al
chilense (2020)
Chondrus 11-21 21 10-34 55-68 1.0-3.0 Morais et al
crispus (2020)
Crassiphycus 6.9 22.7 24.7 - 3.3 Morais et al
changii (2020)
Eucheuma 4.9 43.6 - - 2.2 McDermid &
denticulatum Stuercke
(2003)
Gelidium 11.80 14.00 - 43.10 0.90 Foster &
pristoides Hodgson (1998)
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Gracilaria 30.2 - - - 0.9 Valente et al

bursa-pastoris (2006)
Gracilaria 22.96 7.72 5.65 63.12 0.43 Marinho-Soriano
cervicornis et al (2006)
Gracilaria 6.90 22.7 24.7 - 3.30 Norziah & Ching

changi (2000)
Gracilaria 13.7 18.9 66.1 1.3 Ortiz et al
chilensis (2009)
Gracilaria 11.0 - - - 0.7 Valente et al

cornea (2006)
Gracilaria 10.86 6.78 27.48 63.13 0.19 Rasyid et al

gracilis (2019)

Hypnea 18.40 22.80 50.3 7.02 1.48 Wong &
charoides Cheung (2000)

Hypnea 19.00 22.10 53.2 4.28 1.42 Wong &
japonica Cheung (2000)

Neopyropia 28-47 8-21 12-35 44.3 0.7-1.3 Morais et al

tenera (2020)
Palmaria 8-35 12-37 29-46 46-56 0.7-3 Morais et al
palmata (2020)
Porphyra 29-39 12 29-35 43 0.3 Morais et al
umbilicalis (2020)

Pterocladia 20.95% 15.81 £ - 50.96+0.11 2.09+ Khairy & El-
capillacea 0.03 0.29 0.11 Shafay (2013)
Pyropia tenera 34.20 8.70 4.80 40-70 0.70 Arasaki &

Arasaki (1983)

Note: P - protein; A - ash; DF - dietary fiber; C - carbohydrate; L - lipid.

Bioactive compounds in seaweeds and their functional mechanisms

Polysaccharides. Most of these polysaccharides can be broken down by gut microbiota
and provide benefits to animal health through a prebiotic effect (O’Sullivan et al 2010).
Polysaccharides are considered as prebiotics (compounds that stimulate the growth of
beneficial bacteria in the digestive track) and enhance growth status and improve animal
health (Vidanarachchi et al 2009). Moreover, seaweed-derived polysaccharides are
effective and safe antioxidants (Li & Kim 2011; Souza et al 2012). Mainly, fucoidans are
particularly abundant in seaweed as polysaccharides, particularly in F. vesiculosus; they
may act as antioxidants by scavenging reactive oxygen species directly or by enhancing
the activity of cellular endogenous antioxidant defenses, including superoxide dismutase,
catalase, glutathione transferase, and glucose-6-phosphate dehydrogenase (Rocha et al
2007). Sulfated polysaccharides prevent activity of many bacterial species as well as
viruses (Leonard et al 2010).

Polyphenols. Seaweeds are an important source of polyphenolic compounds including,
phlorotannins, bromophenols, flavonoids, phenolic terpenoids, and mycosporine (Heo et
al 2005; Corona et al 2017; Wells et al 2017; Gémez-Guzman et al 2018). Also, seaweed
extracts contain considerable amounts of polyphenols. Seaweed polyphenols are
observed to promote the immune response and improve disease resistance in fish (Gora
et al 2018; Safavi et al 2019). Polyphenols are strong antioxidants (Gumul et al 2011).
Reactive oxygen species, produced in organisms during metabolism, are highly reactive
and can cause cellular dysfunction and cytotoxicity (Alviano & Alviano 2009). Polyphenols
can donate hydrogen to free radicals and resulting non-reactive radicals (Gupta & Abu-
Ghannam 2011). For their H-atoms transferring ability to free radicals, producing
comparatively non-reactive phenoxyl radicals for resonance stabilization, phenolic
compounds with more than one hydroxyl group (dOH) are efficient primary antioxidants
due to their ability to donate H-atoms to free radicals, creating relatively unreactive
phenoxyl radicals due to resonance stabilization (Figure 4).
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Figure 4. Functional mechanism of seaweed-derived polyphenols in the fish gut.

Proteins. The lowest amounts of proteins were observed in brown seaweeds. A majority
of seaweeds contain all of the essential amino acids, which perform various important
physiological functions in the fish body (Figure 5). The protein amount of seaweed varies
according to species. Generally, the protein content of brown seaweeds is low (15+3% of
the dry weight) while the green or red seaweeds is high (47+10% of the dry weight)
(Arasaki & Arasaki 1983). Proteins found in seaweed are important for tissue repair,
muscle growth, and immune function, while polysaccharides contribute to digestive
health and exhibit prebiotic effects (Pereira et al 2012). Alkaloids represent chemical
compounds that contain basic nitrogen atoms and are usually derived from amino acids.
Alkaloids are colorless and crystalline substances. Several alkaloids and other
nitrogenous heterocyclic compounds have been obtained from seaweeds (Ghaliaoui et al
2024).

Polyunsaturated fatty acids (PUFAs). Phospholipids and glycolipids are the major classes
of lipids found in seaweeds (Figure 6). Seaweed can accumulate polyunsaturated fatty
acids (PUFAs) when temperatures are reduced. And the species that live in cold areas
contain more PUFAs than species living in higher temperatures (Holdt & Kraan 2011).
Lipids found in seaweeds (0.12-6.73% dry weight, DW) may contain a large proportion of
essential fatty acids (Figure 6). The two primary functions of lipids in algae are serving as
structural components of cellular membranes (polar lipids) and acting as storage
compounds (neutral lipids) (Pérez et al 2016). Omega-3 (n-3) and omega-6 (n-6) PUFAs
were in the concentration range of 2-14 mg gt dry matter (DM), while total lipid content
ranged from 7 to 45 mg g?! DM. In the seaweeds analyzed, n-9 fatty acids (FAs)
accounted for 3-56% of total FAs, n-6 FAs for 3-32%, and n-3 FAs for 8-63% (Van
Ginneken et al 2011).
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Figure 6. Types of lipids in seaweed and their functional mechanism.

Pigments. Seaweed pigments can be categorized into three main groups: chlorophylls,
carotenoids and phycobiliproteins. Carotenoids are organic pigments present in
chloroplasts and chromoplasts (Wijesinghe & Jeon 2012). Different seaweeds possess
different kinds of carotenoids, which have strong antioxidant properties and the ability to
quench singlet oxygen and scavenge free radicals (Li & Kim 2011). Notably, carotenoids
are one of the essential antioxidant compounds in seaweeds (Mikami & Hosokawa 2013).

Vitamins. Seaweeds contain both water- and fat-soluble vitamins. Particularly, seaweed
has the presence of vitamin B12, which is rare in vegetables. Different types of vitamin
composition are present in seaweed, depending on species, location, season, sea
temperature, light, and salinity (Glombitza 1977; Skrovénkovd 2011). Moreover,
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seaweed-derived vitamins contain biochemical functions and antioxidant activities for
health benefits (Glombitza 1977).

Minerals and trace elements. Seaweeds represents a rich source of minerals (Nwosu et al
2011). Their compounds in the biomass are sometimes as much as 40% (Kumar et al
2011). Seaweeds absorb metal ions from salt water and concentrate those substances as
carbonate salts in their fronds (Aslam et al 2010). Researchers have investigated the
mineral composition in concentrates from seaweeds and the highest concentrations of
potassium (2.71 g L 1), magnesium (0.19 g L'!) and calcium (0.16 g L) ions have been
identified in an extract from Sargassum ringgoldianum subsp. coreanum. Also, seaweeds
contain sodium ions (1.21 g L') (Kuda & Ikemori 2009). Particularly, Kappaphycus
alvarezii contains significant levels of calcium (460.11 mg L) and magnesium (581.20
mg L) ions (Rathore et al 2009). Macro-minerals, which include calcium, chlorine,
magnesium, phosphorus, potassium, sodium and sulphur, are essential for animals.
Trace elements that are required in much smaller amounts than macro-minerals, include
iodine, iron, manganese, copper and zinc. Selenium is an impotant trace compound,
found in seaweed, for normal body function and considered as a component of
glutathione peroxidases and responsible for reducing peroxide free radicals and
prostaglandin synthesis to protect the oxidative state of lipid intermediates (Birringer et
al 2002).

Potential of seaweed-derived bioactive compounds for aquafeeds

Growth enhancement. Polysaccharides are considered as prebiotics that substances
improve the growth of beneficial bacteria in the gastrointestinal tract and boost up
growth and enhance health effects (Vidanarachchi et al 2009). Seaweed is also a valuable
source of omega-3 fatty acids, especifically eicosapentaenocic acid (EPA) and
docosahexaenoic acid (DHA), in their fatty acid profile (Rocha et al 2021) in contrast to
terrestrial plants. These fatty acids are vital for the metabolic function of fish as well as
maintaining the structural integrity and the fluidity and permeability of cellular
membranes (De Carvalho & Caramujo 2018).

Immunity and disease resistance. Seaweed polyphenols are reported to enhance the
immune response and disease resistance in fish (Gora et al 2018; Safavi et al 2019).
Polyphenols are strong antioxidants (Gumul et al 2011). Very important bioactive
proteins that can be extracted from seaweeds are lectins, which bind with carbohydrates
and participate in many biological processes like intercellular communication.
Additionally, they have also antibacterial, antiviral or anti-inflammatory activities
(Barbalace et al 2019).

Antioxidant property was found also in the protein extract, specifically some
phycobiliproteins such as C-phycocyanin and allophycocyanin. It was confirmed that the
protection effect against hydroxyurea-teratogenic insult was related to the antioxidant
activity of protein extract (Vazquez-Sanchez et al 2009). Phenolic compounds with more
than one hydroxyl group (dOH) are efficient primary antioxidants due to their ability to
donate H-atoms to free radicals, creating relatively unreactive phenoxyl radicals due to
resonance stabilization. Seaweed extracts contain enough amounts of polyphenols, but
their content strongly depends on the extraction method (Gupta & Abu-Ghannam 2011).

Gut health and digestibility. Polysaccharides are fermented by gut microbiota, which
provide health benefits through prebiotic effect, feed utilization and enhancing digestion
(O'sullivan et al 2010). The probiotic effect of seaweed increased with fiber amount in
seaweeds (Hagan & Fungwe 2023). Seaweeds’ bioactive substances, specifically
polysaccharides and phenols, can be identified as dietary supplements with
gastrointestinal health benefits and prebiotics effects (Charoensiddhi et al 2020).
Polysaccharides are considered as prebiotics and exert growth-benefits and health-
boosting effects (Vidanarachchi et al 2009).
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Sustainability and fishmeal replacement. Mainly, aquaculture and fish nutrition depend on
the fish meal as a protein source. However, fish meal is a costly and limited substance to
be utilized in fish feed formulation. Thus, recently, seaweed is being considered as a
substitute protein source for fish nutrition (Patel et al 2018). Seaweed provides a
standard feed composition in pellet feeds as it is proven to improve the fish feed with its
biochemical compounds (Ismail 2019).

Ulva and Enteromorpha seaweeds are demonstrated to provide positive properties
on the growth benefits of fish fry and have also decreased the cost of the diet. Moreover,
the alternative of pellet feed with seaweeds did not have any adverse effects on the
growth benefits of fish fry (Abdel-Aziz & Ragab 2017). Seaweeds efficacy in aquatic
nutrition is now promising and provides to cut off the fish meal cost. Fish growth relies on
the capability of the organism to digest the feed compounds. Feed ingredient palatability
is also a crucial thing for choosing ingredient for fish diet. The current research suggested
the digestive stimulating effect of the seaweed along with growth improvement of fish
(Chakroborty et al 2025). The replacement of fish feed with the brown seaweed
(Lobophora variegata) resulted in higher growth benefits and increased feed utilization in
seabass (Lates calcarifer) fingerlings (Udayasoundari et al 2016).

Seaweed'’s role in aqua feed

Fin fish feed. Seaweeds are considered as a crucial source of fish feed due to their
nutritional perspective (Nur et al 2020). These macroalgae serve as valuable feed
supplements or additives due to their rich nutritional profile, which includes indispensable
amino acids, essential polysaccharides, diverse fatty acids (including alpha-linolenic acid
and EPA), antioxidants, dietary fiber, and essential minerals (Li et al 2009; Guedes et al
2015; Ismail et al 2017). Besides, seaweeds are rich sources of bioactive contents that
protect the fish against pathogens (Gonzalez del Val et al 2001; Liao et al 2003). They
can serve as a replacement to fish meals since their proteins do not contain excess P
levels and, additionally, they can elevate the immune functions, antiviral and
antimicrobial effects, promote digestion and stress resistance (Cyrus et al 2014). Thus,
seaweeds extracts are widely considered and used in formulating fish feeds which is best
absorbed by herbivorous fish (Horn & Messer 1992).

The seaweed was first used as a fish feed supplement for red seabream (Pagrus
major) and showed better growth (Nakagawa et al 1997). Later, the research on
seaweed gained momentum due to the search for a feedstuff that can promote growth
alongside immunity. As a result, all three types of seaweeds were used as fish feed
supplements in the case of fish, however, green algae and red algae were dominant.
More specifically, Ulva (green algae) and Gracillaria (red algae) are the most used
genera. Seaweed as a fish feed has been experimented on a handful of species so far, of
which the most focus was on tilapia (Oreochromis niloticus) followed by rainbow trout
(Oncorhynchus mykiss) and European seabass (Dicentrarchus labrax). It is found that in
most of the cases, the lower inclusion rate has given the highest result (Table 2).

Shellfish feed

Shrimp. The declining use of animal protein-based feed in the shrimp industry is highly
probable in the coming days due to higher costs, environmental and food safety issues.
Generally, fish meal is used in shrimp feed as a protein source which is expensive (Tacon
2002). Additionally, there are several challenges associated with the handling and
storage of aquafeeds, such as nutrient degradation, microbial growth, insect and rodent
infestations, and rancidity. Commercial feeds have also been linked to disease outbreaks
in some shrimp farms. These issues can be mitigated by incorporating higher
concentrations of antioxidants, vitamins, and antifungal agents, all of which are present
in seaweed. Therefore, the use of seaweed in various forms can help prevent disease
outbreaks in shrimp ponds (Kanjana et al 2011; Salehpour et al 2021).

Using seaweed as a shrimp dietary component needs an in-depth analysis of its
impact on shrimp health, growth, and the broader sustainability of aquaculture. Table 3
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provides a thorough review of specific seaweed species, organized according to their
respective algae types - green, red, and brown. It elucidates their respective habitats,
thereby contextualizing their availability and potential relevance to shrimp farming
practices. Red seaweed (Gracilaria) has been extensively used, focusing on its significant
findings related to immune response and shelf-life improvement (Sarjito et al 2020). Red
seaweed was predominantly used for Litopenaeus vannamei and Penaeus monodon,
while brown seaweed was used only for P. monodon, albeit with limited effectiveness.
Red seaweed has shown a highly effective response to Vibrio harveyi infection on L.
vannamei shrimp.

Oyster feed. Seaweed has emerged as a promising alternative feed in oyster aquaculture,
offering significant nutritional and economic benefits. Traditionally, live microalgae
dominate as feed during key production stages such as broodstock conditioning and
larval rearing (Uchida & Murata 2002; Ponis et al 2003; Pronker et al 2008; Gonzalez-
Araya et al 2011, 2012; Ferreira et al 2020), but their high cost - accounting for 30-40%
of hatchery expenses - poses economic challenges (Coutteau & Sorgeloos 1992; Boeing
1997; Brown & Robert 2002).

Green seaweed species like Ulva sp. are particularly noteworthy due to their high
protein content (10-25% of DW) and essential mineral concentrations, such as calcium
and magnesium (Noél et al 2012). Incorporating Ulva into oyster diets has been known
to improve stress response, disease resistance, and overall productivity while enhancing
organisms’ nutritional profiles and supporting ecological sustainability (Noél et al 2012;
Cardoso et al 2015).

Studies on the Pacific oyster (Crassostrea gigas) indicate that seaweed-based
feeds positively influence growth, wet weight, digestion, and nitrogen turnover rates
(Pena-Rodriguez et al 2020; Omont et al 2021) (Table 4). These findings underscore the
potential of green seaweed as a sustainable and cost-effective feed source for intensive
oyster aquaculture.

Prospects and challenges. Seaweed holds considerable promise as both a feed source
and feed additive for sustainable aquaculture despite certain challenges. It has nutritional
strengths such as bioactive compounds, vitamins, and minerals, making them suitable for
fish growth and enhancing immunity. In addition, seaweed presents a compelling
alternative to antibiotics in aquafeed. A major benefit is that seaweed farming is highly
sustainable, with multiple harvests possible each year. It also plays a key role in
combating climate change by absorbing substantial amounts of CO>. In aquaculture, the
demand for alternative feed ingredients is growing, with the inclusion of seaweed in fish
feed formulations emerging as a promising innovation. Additionally, as consumers
increasingly seek value-added aquatic products from sustainable practices, this trend
further drives the incorporation of seaweed into aquafeed.

Aquaculture of seaweed has been the driving force behind the global seaweed
industry, accounting for 94% of the total annual biomass produced since the 1950s.
Current cultivation techniques are largely for the production of commoditized species.
The stability of seaweed production will depend on developing domesticated seaweed
cultivars, the domestication of new species, and the refinement of cultivation methods to
enhance quality control and traceability (Hafting et al 2015). Mass cultivation of
economically valuable seaweeds is achieved by understanding and altering the
parameters regarding water current, temperature, irradiance, dispersion of nutrients, and
quality of water. Knowing these factors, along with their physiological response, can
further improve the mass production of biomass. There are a lot of challenges in
integrating seaweed into aquaculture. To date, only a few species of seaweed have
established cultivation methods. Research using seaweed as an aquafeed has only been
conducted in a few countries in Asia, Europe and North America (Figure 7). Further
research is required to fully understand the impact of seaweed on fish growth and
immune response.
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Key research findings on seaweed in finfish aquaculture

Table 2

Seaweed species Studied Study Administration Best
(types) Habitat species period method; doses Key findings Reference
(days) application type
Ascophyllum (B) Northern Pagrus major 50 Minced; replacement 5% Growth (+) Nakagawa et al
Atlantic Protein (+) (1997)
Ocean
Ecklonia cava (B) Paralichthys 42 Powder; supplement 2,4 & Immunity (+) Kim & Lee (2008)
olivaceus 6%
Gracilaria bursa- Asia, South Dicentrarchus Sun-dried and Up to Growth (+) Valente et al
pastoris (R), America, labrax 70 grounded; 10% Nutrient utilization (2006)
Ulva rigida (G), Oceania replacement (GP, UR) (+)
Gracilaria cornea (R) 5% (GC)
Gracilaria spp. (R), Asia, South Dicentrarchus 84 Powder; supplement 7.5% Growth (0); Peixoto et al
Ulva spp. (G), Fucus Asia, labrax Ulva Improves immune (2016)
sp. (B) Oceania, 2.5% (+);
British Isles Antioxidant
response (+)
Gracilaria Asia, South Oncorhynchus 91 Powder; supplement 5% Immunity (+) Araujo et al
vermiculophylla (R) America, mykiss (2016)
Africa and
Oceania
Hypnea musciformis Atlantic, Oreochromis 60 Replacement 30% Growth (+) Nur et al (2020)
(R) Pacific, and niloticus Immunity (+)
Indian
Oceans
Porphyra dioica (R) Ireland Oncorhynchus 87 Powder 10% Growth (+) Soler-Vila et al
mykiss Flesh pigmentation (2009)
(+)
Pterocladia North of Oreochromis 72 Supplement 5% Growth (+) Khalafalla
capillacea and Portugal niloticus Carcass & El-Hais (2015)
Ulva lactuca (G) fingerlings composition (+)
Ulva lactuca (G) Worldwide Clarias 70 Powder; replacement 10% Growth (-) Abdel-Warith et al
gariepinus Feed utilization (-) (2016)
Ulva reticulata (G) Carassius 40 Powder; supplement Growth (+), Rama Nisha et al
auratus haematological (2014)
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parameters (+)
and Pigment (+)

Ulva rigida (G) Eutrophic Oreochromis 112 Powder; supplement 5% Growth Erglin et al
environments niloticus performance (+); (2009)
Nutrient utilization
(+); Body
composition (+)
Ulva spp. (G) Oreochromis 63 Powder mixed with 10% Growth (+) Marinho et al
niloticus pelleted; partial (2013)
replacement
Note: G - green seaweed; B - brown seaweed; R - red seaweed.
Table 3
Key research findings on seaweed in shrimp aquaculture
Seaweed species Habitat Stud/_ed Study period Adm/n/stfrat/_on method; Best doses  Key findings References
(types) species (days) application type
Enteromorpha Northern Atlantic  Macrobrachium 240 Powder; replacement 30% Growth (+) Ghosh &
(G), Ocean rosenbergii Mitra (2015)
Gracilaria Bac Lieu province, Penaeus 120 Co culture; supplement 50% and  Cost effective Anh et al
tenuistipitata (R) Vietham monodon 100% (+) (2022)
FCR (-)
Gracilaria Asia, South Litopenaeus 14 Extract; additives 16 g/kg Survival rate Sarijito et al
verrucosa (R) America, Africa vannamei (+), (2020)
and Oceania Immunity (+)
Gracilaria Asia, South Litopenaeus 42 Extract; additives 2 g/kg Immunity (+) Jasmanindar
verrucosa (R) America, Africa vannamei et al (2018)
and Oceania
Sargassum Asia, South Penaeus Co culture; 2 kg/m3 Growth (+) Izzati (2011)
polycystum (B) America, Africa monodon 30 supplement
Gracilaria and Oceania G.
verrucosa (R) verrucosa
Ulva lactuca (G) Europe, North, Macrobrachium 240 Powder; replacement 30% Growth (+) Ghosh
South and Central rosenbergii (2020)
America,
Caribbean Islands,
Indian Ocean
Note: G - green seaweed; B - brown seaweed; R - red seaweed.
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Key research findings on seaweed in oyster aquaculture

Table 4

Seaweed species Habitat Stud/:ed Study period Administ_ratipn method; Best doses Key findings References
(types) species (days) application type

Ulva lactuca (G) Mexico Crassostrea 35 Single cell detritus 50% Growth (0) Omont et al

gigas (SCD); replacement Lipase digestive (2021)

capacity (+)
Nitrogen turnover
rates (-)

Ulva lactuca (G), Mexico Crassostrea 17 Single cell detritus SCD of Mortality (-) Pefa-
Ulva clathrata gigas (SCD); replacement Ulva is Rodriguez
(G), good et al (2020)

Porphyra sp.(R)

Note: G - green seaweed; B - brown seaweed; R - red seaweed.
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Figure 7. Global distribution of seaweed as an aquafeed ingredient.

Additionally, some seaweed species have anti-nutritional factors or indigestible

components that could negatively impact fish health. The nutritional composition of
seaweeds varies significantly due to factors including species variety, conditions of
cultivation, and processing; all of these may lead to disparities in feed quality. Moreover,
the unpredictable climatic trends experienced in areas intended for seaweed culture, the
competitive pressures inherent in the fish feed sector, and the consequences of climate
change, over-exploitation, and legislative frameworks on seaweed aquaculture constitute
significant risk factors to the long-term and sustainable use of seaweed in aquaculture.
Collaboration among academia, NGOs, and government agencies is crucial to overcome
these obstacles. The focus should be on multi-species cultivation with minimal
environmental impact, ensuring the long-term viability of seaweed in aquaculture
(Hayashi et al 2020). A SWOT analysis of seaweed as a fish feed ingredient is illustrated

in Figure 8.

STRENGTH

Seaweed contains bioactive compounds,
multi-vitamins and multi-minerals

Seaweed boosts immunity and ensures rapid
growth

Antibiotics are not allowed in aquafeed,
tapping into the growing global demand for
sustainable aguaculture solutions.

Seaweed can be harvested multiple times
yearly

.

.

.

.

OPPORTUNITIES

Aguaculture requires more alternative
ingredients in aquafeed due to its increasing
scale;

Incorporating seaweed into fish feed
formulations can drive innovation in
aquaculture;

Consumer demand for high-quality aquatic
products is increasing;

Seaweed absorbs large amounts of CO,,
seaweed farming helps to mitigate climate
change impacts

WEAKNESS

Only a few species have established culture
techniques

More research is needed to fully understand
its long-term effects on fish growth
performance and immunity.

Some seaweed species contain anti-
nutritional factors or indigestible
components

The nutritional composition of seaweed can
vary widely depending on species, growing
conditions, and processing methods

THREATS

- Weather in seaweed farming areas is
unpredictable as changes in ocean
conditions;

The fish feed market is highly competitive,
with established players and alternative
ingredients vying for dominance;

The availability and consistency of high-
quality seaweed may be affected by climate
change, averharvesting, and regulatory
restrictions on seaweed farming.

Figure 8. SWOT analysis of seaweed as a fish feed ingredient
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Conclusions and recommendations. Given the significant growth trend of aquaculture,
eco-friendly aquafeeds have become crucial for maintaining a sustainable aquaculture
system. Seaweeds have demonstrated significant potential as a sustainable and
nutritious component for aquafeed. It contains adequate proteins, essential amino acids,
bioactive compounds, minerals, and antioxidants, making it an effective alternative to
traditional fishmeal. This helps to promote growth, increase survival rates, boost
immunity, and improve fish health. The ability of seaweed to provide pigments and aid in
digestibility further underscores its value in aquaculture. These attributes not only
support fish production but also contribute to environmental sustainability. Therefore, it
is essential to conduct further research on seaweed cultivation processes and analyze
their effects on fish growth and immune response. Additionally, determining the optimal
inclusion rates of seaweed in aquafeeds for different fish species is crucial for advancing
aquaculture applications. Collaboration between academia, the private sector, and
government support is vital for strengthening this sector. Through these efforts, seaweed
can play a key role in sustainable aquaculture, contributing to ecological balance and
enhancing global food security.
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