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Abstract

Seaweed aquaculture has emerged as one of the fastest-growing sectors of global aquaculture,
driven by increasing demand for sustainable food, feed, bioactive compounds, biostimulants,
pharmaceuticals, and bioenergy resources. Algae contribute significantly to nutrient cycling, carbon
sequestration, and ecosystem restoration while requiring no freshwater, arable land, or synthetic
fertilizers. This review provides a comprehensive assessment of current seaweed cultivation
practices, production trends, environmental benefits, economic opportunities, and technological
innovations. Major cultivated genera, including Saccharina, Undaria, Pyropia, Kappaphycus,
Eucheuma, Gracilaria, and Ulva, are discussed with respect to life cycles, farming methods, and
commercial applications. Particular attention is given to Integrated Multi-Trophic Aquaculture
(IMTA), offshore farming systems, selective breeding programs, and digital technologies for
precision aquaculture. Challenges related to climate change, disease outbreaks, biofouling, genetic
erosion, and regulatory barriers are examined. Future development of seaweed aquaculture will
depend on technological innovation, sustainable management practices, and expanded value-chain
diversification. The review highlights the essential role of seaweed aquaculture in supporting the
transition toward a resilient and sustainable blue economy.

Keywords: Seaweed Farming; Algae; Aquaculture; Blue Economy; IMTA; Sustainability;
Offshore Cultivation; Seaweed Biotechnology

Introduction

The global demand for sustainable aquatic resources continues to increase due to population
growth, food security concerns, and environmental degradation associated with conventional
agriculture [1]. Seaweed aquaculture has gained considerable attention as an environmentally
friendly production system capable of providing food, feed ingredients, hydrocolloids, nutraceuticals,
pharmaceuticals, cosmetics, and renewable biomass [2].

Unlike terrestrial crops, marine algae do not require fertile land, irrigation, or extensive chemical
inputs. As photosynthetic marine organisms, they efficiently capture dissolved nutrients and carbon
dioxide while contributing to ecosystem services, including habitat provision, eutrophication
mitigation, and coastal protection [3]. Over the last decades, seaweed cultivation has expanded
dramatically, particularly in Asian countries such as China, Indonesia, South Korea, Japan, and
the Philippines. More recently, Europe, North America, South America, and Africa have increased
investments in commercial seaweed farming due to growing interest in sustainable aquaculture and
blue biotechnology [4].

This review aims to synthesize current knowledge on seaweed aquaculture and critically evaluate
its role as a sustainable component of the global aquaculture sector. Particular emphasis is placed on
worldwide production trends, economic relevance, and the increasing diversification of seaweed-
derived products [5]. The review discusses the biology and reproductive strategies of the principal
cultivated macroalgae, providing the biological framework necessary for understanding commercial
production systems.

Current cultivation technologies, ranging from traditional nearshore farms to emerging
offshore and integrated multi-trophic aquaculture systems, are comprehensively examined. In
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addition, the environmental and socio-economic benefits associated
with seaweed farming are assessed, including nutrient remediation,
carbon sequestration potential, biodiversity support, food security,
and employment generation [6]. Major constraints affecting the
industry, such as environmental variability, disease occurrence,
genetic limitations, technological bottlenecks, and regulatory
challenges, are also analyzed. Finally, the review explores emerging
innovations in breeding, biotechnology, precision aquaculture, and
circular bioeconomy applications, offering perspectives on how
seaweed aquaculture can contribute to sustainable food systems,
climate resilience, and the future growth of the blue economy [7].

Global Status of Seaweed Aquaculture

Historical development

Seaweed cultivation has a documented history spanning several
centuries in East Asia, where marine macroalgae were initially
harvested from natural stocks before the development of organized
farming systems. Among the earliest cultivated species were the red
seaweed Neopyropia yezoensis (formerly Porphyra yezoensis) and
Pyropia tenera, widely consumed as edible seaweeds in Japan, Korea,
and China, as well as the brown kelps Saccharina japonica (formerly
Laminaria japonica) and Undaria pinnatifida. These species formed
the foundation of traditional seaweed farming and continue to
dominate global production of edible macroalgae [8].

The transition from traditional collection methods to modern
aquaculture began during the twentieth century, following major
advances in the understanding of seaweed reproductive biology and
life cycles [9]. Breakthrough studies on the alternation of generations
in N. yezoensis and the cultivation biology of Saccharina japonica
enabled the development of hatchery-based seedling production
and controlled cultivation techniques [10]. The introduction of
artificial seeding methods, rope-based culture systems, and nursery
technologies substantially increased productivity and facilitated the
expansion of commercial seaweed farming throughout East Asia [11].

A major milestone in the global development of seaweed
aquaculture occurred during the 1970s and 1980s with the successful
cultivation of tropical carrageenophyte particularly
Kappaphycus alvarezii and Eucheuma denticulatum. These species
became highly valued as sources of carrageenan, a commercially
important hydrocolloid extensively used in the food, pharmaceutical,
cosmetic, and biotechnology industries. Their cultivation rapidly
expanded throughout Southeast Asia, especially in the Philippines,
Indonesia, Malaysia, and Tanzania, transforming seaweed farming
into a major source of income for coastal communities [13].

species,

Simultaneously, cultivation techniques for agar-producing
red algae such as Gracilaria vermiculophylla, Gracilaria chilensis,
Gracilaria edulis, and Gelidium amansii were developed and refined
in several regions. These species became important raw materials
for agar extraction, supporting the growing demands of the food,
microbiological, and biotechnology sectors [14]. In addition, green
seaweeds such as Ulva lactuca, Ulva rigida, and Caulerpa lentillifera
began attracting commercial interest due to their nutritional value
and potential applications in aquafeeds, functional foods, and
environmental remediation [15].

During the last three decades, seaweed aquaculture has expanded
well beyond its traditional Asian centers [16]. Commercial cultivation
activities have been established in Europe, North America, South
America, Africa, and Oceania, targeting native and introduced species

including Saccharina latissima, Alaria esculenta (Phaeophyceae),
Palmaria palmata, Gracilaria spp. (Rhodophyta), and Ulva spp.
(Chlorophyta). This expansion has been driven by increasing
demand for sustainable food production, hydrocolloids, aquaculture
feeds, biostimulants, nutraceuticals, pharmaceuticals, and renewable
biomass [17].

Today, seaweed aquaculture represents one of the fastest-
growing sectors of marine aquaculture, encompassing a diverse range
of cultivated species and production systems. Ongoing advances
in selective breeding, genomics, hatchery technologies, offshore
cultivation systems, and Integrated Multi-Trophic Aquaculture
(IMTA) are further strengthening the industry's capacity to
support global food security, climate resilience, and the sustainable
development of the blue economy [18].

Current production trends

Seaweed aquaculture has become one of the largest and fastest-
growing sectors of global mariculture, accounting for a substantial
proportion of total aquaculture biomass produced worldwide [19].
Over the past few decades, cultivated seaweeds have transitioned
from traditional food resources to strategic raw materials supporting
multiple industries, including food and feed production, hydrocolloid
extraction, nutraceuticals, pharmaceuticals, cosmetics, biofertilizers,
biostimulants, biomaterials, and bioenergy. This diversification has
significantly increased the economic importance of seaweed farming
and stimulated continuous expansion of cultivation activities across
both established and emerging aquaculture regions [20].

Despite increasing interest in seaweed farming in Europe, North
America, South America, Africa, and Oceania, global production
remains overwhelmingly concentrated in Asia, which contributes
more than 95% of worldwide cultivated biomass. This dominance
reflects the region's long history of seaweed cultivation, advanced
hatchery technologies, extensive farming infrastructure, and well-
established processing industries [21]. China is currently the world's
leading producer, followed by Indonesia, South Korea, and the
Philippines, collectively accounting for the majority of global seaweed
production [22].

Commercial cultivation focuses on a relatively small number of
species that combine rapid growth, high biomass yields, and valuable
biochemical properties (Table 1). Brown seaweeds are dominated
by the kelps Saccharina japonica and Undaria pinnatifida, which
are extensively cultivated for human consumption, animal feed
ingredients, and the extraction of alginates. Additional species such as
Sargassum fusiforme and Cladosiphon okamuranus are also cultivated
in certain regions for food and functional ingredients [23].

Red seaweeds constitute another major component of global
production and include economically important species such
as Neopyropia yezoensis, Pyropia tenera, Kappaphycus alvarezii,
Eucheuma denticulatum, Gracilaria chilensis, G. vermiculophylla,
and G. edulis. These species are primarily cultivated for direct
human consumption and for the industrial production of agar and
carrageenan, two hydrocolloids widely used in food, pharmaceutical,
and cosmetic formulations [24].

Green seaweed currently represents a smaller but rapidly
expanding segment of industry. Species such as Ulva lactuca,
U. rigida, U. prolifera, and Caulerpa lentillifera are increasingly
cultivated due to their high nutritional value, rapid growth rates, and
potential applications in aquafeeds, functional foods, biostimulants,
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Table 1: Major cultivated seaweed species and their principal applications [26-28].

Group Major Species

Main Applications

Brown algae (Phaeophyceae) oKamUuranus

Saccharina japonica, Undaria pinnatifida, Sargassum fusiforme, Cladosiphon

Human food, alginate extraction, feed
ingredients, nutraceuticals

Red algae (Rhodophyta)

Neopyropia yezoensis, Pyropia tenera, Kappaphycus alvarezii, Eucheuma
denticulatum, Gracilaria chilensis, G. vermiculophylla

Human food, agar, carrageenan,
pharmaceuticals, biotechnology

Green algae (Chlorophyta)

Ulva lactuca, Ulva rigida, Ulva prolifera, Caulerpa lentillifera

Functional foods, aquafeeds, biostimulants,
bioremediation

and environmental remediation programs [25].

Recent market trends indicate increasing investments in high-
value seaweed products rather than solely bulk biomass production.
Consequently, commercial interest has shifted toward species rich in
bioactive compounds such as fucoidans, phlorotannins, laminarin,
ulvans, and sulfated polysaccharides. These compounds are being
explored for applications in human health, animal nutrition,
cosmetics, and biotechnology, creating new opportunities for value-
chain diversification and enhancing the profitability of seaweed
aquaculture [29].

Furthermore, the growing recognition of seaweeds as tools for
carbon mitigation, nutrient bio-extraction, and ecosystem restoration
has stimulated the development of Integrated Multi-Trophic
Aquaculture (IMTA) systems and offshore cultivation projects. These
emerging production models are expected to play a central role in
the future expansion of the sector and strengthen the contribution of
seaweed aquaculture to sustainable food systems and the global blue
economy [30].

Biology of Cultivated Seaweeds

Classification

Seaweeds comprise a highly diverse group of multicellular
marine macroalgae that play fundamental ecological and economic
roles in coastal ecosystems worldwide. Although commonly referred
to collectively as "seaweeds," these organisms belong to distinct
evolutionary lineages and are traditionally classified into three
major groups: brown algae (Phaeophyceae), red algae (Rhodophyta),
and green algae (Chlorophyta) [31]. Their classification is based on
differences in pigment composition, storage compounds, cellular
structure, reproductive strategies, and phylogenetic relationships.
These biological characteristics not only determine their ecological
distribution and environmental adaptations but also influence their
suitability for cultivation and industrial applications [32].

Brown algae (Phaeophyceae) are among the most extensively
cultivated seaweeds, particularly in temperate and cold-water
regions. Their characteristic brown coloration results from the
predominance of the accessory pigment fucoxanthin, which masks
the green pigments chlorophyll a and c [33]. Many brown algae
develop large and structurally complex thalli, enabling high biomass
production and making them ideal candidates for commercial
cultivation. These species synthesize valuable metabolites, including
alginates, fucoidans, laminarin, and phlorotannins, compounds that
have attracted considerable interest due to their technological and
biological properties [34]. The most important cultivated species
include Saccharina japonica, the dominant farmed kelp globally,
Undaria pinnatifida, widely consumed as wakame, Sargassum
fusiforme, Cladosiphon okamuranus, and Alaria esculenta. Brown
seaweeds are primarily cultivated for food, animal nutrition,
hydrocolloid production, and the extraction of bioactive compounds
used in nutraceutical and pharmaceutical products [35].

Red algae (Rhodophyta) constitute another major component
of global seaweed aquaculture. Their red coloration originates from
the abundance of phycobiliproteins, particularly phycoerythrin and
phycocyanin, which enable efficient photosynthesis under low-light
conditions. Red seaweeds exhibit remarkable taxonomic diversity
and often possess complex life cycles involving multiple reproductive
stages and alternation of generations [36]. From a commercial
perspective, this group is of particular importance because it
includes the primary sources of agar and carrageenan, hydrocolloids
extensively utilized by the food, pharmaceutical, cosmetic, and
biotechnology industries [37]. Among the most economically relevant
cultivated species are Neopyropia yezoensis and Pyropia tenera, which
form the basis of the global nori industry, Kappaphycus alvarezii
and Eucheuma denticulatum, cultivated for carrageenan extraction,
and several species of Gracilaria, such as Gracilaria chilensis,
Gracilaria vermiculophylla, and Gracilaria edulis, widely used for
agar production [38]. Beyond their industrial value, many red algae
contain sulfated polysaccharides and other bioactive compounds
with demonstrated antioxidant, antiviral, anti-inflammatory, and
immunomodulatory activities [39].

Green algae are characterized by the predominance of
chlorophylls a and b, giving them a bright green appearance and
making them physiologically similar to terrestrial plants. Compared
with brown and red seaweeds, green macroalgae generally exhibit
simpler morphologies, rapid growth rates, and exceptional nutrient
assimilation capacities. These characteristics make them highly
attractive for aquaculture systems designed for biomass production,
nutrient remediation, and Integrated Multi-Trophic Aquaculture
(IMTA) [40]. The most relevant cultivated species include Ulva
lactuca, Ulva rigida, Ulva prolifera, Ulva compressa, Caulerpa
lentillifera, and Caulerpa racemosa. In recent years, these species
have attracted increasing interest due to their high protein content,
balanced amino acid profiles, valuable polysaccharides such as
ulvans, and potential applications in functional foods, aquafeeds,
biostimulants, and bioremediation programs [41]. In particular,
Caulerpa lentillifera, commonly marketed as "sea grapes" or "green
caviar", has become an increasingly valuable aquaculture commodity
in Asian markets [42].

The biological diversity represented by these three macroalgal
groups provides the foundation for the remarkable versatility of
seaweed aquaculture (Table 2 and 3). Differences in morphology,
physiology, biochemical composition, and environmental tolerances
allow the cultivation of species adapted to a wide range of climatic
conditions and commercial objectives, supporting the continued
expansion and diversification of the global seaweed industry [43].

Life cycles

The life cycles of seaweeds are among the most important
biological features influencing their cultivation, productivity, and
commercial exploitation. Unlike terrestrial crops, many macroalgae
exhibit complex reproductive patterns involving the alternation
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Table 2: Comparative characteristics of the principal groups of cultivated seaweeds [43].

Characteristic

Brown Algae (Phaeophyceae)

Red Algae (Rhodophyta)

Green Algae (Chlorophyta)

Dominant pigments

Fucoxanthin, chlorophyll a and ¢

Phycoerythrin, phycocyanin, chlorophyll a

Chlorophyll a and b

polysaccharides

Typical coloration Brown to olive green Red, purple, pink to dark brown-red Bright green
Main storage compounds Laminarin, mannitol Floridean starch Starch
Major commercial . . L

J Alginates, fucoidans, laminarin Agar, carrageenan, sulfated galactans Ulvans

Morphological complexity

High, often forming large kelps and canopy-
forming species

Moderate to high, with diverse morphologies

Generally simple, sheet-like or
filamentous forms

Predominant cultivation

Temperate and cold waters

Tropical, subtropical, and temperate waters

Wide environmental tolerance from

environments tropical to temperate waters
Growth rate Moderate to high Moderate High to very high

Nutrient uptake efficiency High Moderate to high Very high

Carboh sequestration High Moderate Moderate to high

potential

Suitability for IMTA systems | Excellent Good Excellent

Major cultivated species

Saccharina japonica, Undaria pinnatifida,
Alaria esculenta, Sargassum fusiforme,
Cladosiphon okamuranus

Pyropia yezoensis, Pyropia tenera,
Kappaphycus alvarezii, Eucheuma
denticulatum, Gracilaria chilensis, G.
vermiculophylla

Ulva lactuca, Ulva rigida, Ulva
prolifera, Ulva compressa, Caulerpa
lentillifera, C. racemosa

Principal commercial products

Food, alginates, feed ingredients,
nutraceuticals, pharmaceuticals, cosmetics

Food, agar, carrageenan, pharmaceuticals,
biotechnology products

Functional foods, aquafeeds,
biofertilizers, biostimulants,
biomaterials

Representative bioactive
compounds

Fucoidan, phlorotannins, laminarin,
fucoxanthin

Carrageenans, agarans, mycosporine-like
amino acids, phycoerythrin

Ulvans, chlorophylls, carotenoids,
polyphenols, proteins

Main industrial sectors

Food, hydrocolloids, pharmaceuticals,
cosmetics, aquaculture

Food, hydrocolloids, pharmaceuticals,
biotechnology

Functional foods, agriculture,
aquaculture, environmental
biotechnology

Table 3: Major cultivated seaweed species and their primary commercial applications [6, 8, 11].

Species Common Product Name Main Producing Countries Main Commercial Uses
Saccharina japonica Kombu/Kelp China, South Korea Food, alginates, feed, nutraceuticals
Undaria pinnatifida Wakame China, Japan, South Korea ;;c::a:at:]ttr:ceuticals, functional
Pyropia yezoensis Nori China, Japan, South Korea Human food, protein-rich products
Pyropia tenera Nori Japan, South Korea Food and processed products
Kappaphycus alvarezii Cottonii Indonesia, Philippines, Tanzania Carrageenan extraction
Eucheuma denticulatum Spinosum Indonesia, Philippines Carrageenan production
Gracilaria chilensis Gracilaria Chile Agar extraction, food industry
Gracilaria vermiculophylla Gracilaria China, Vietnam Agar and feed applications
Ulva lactuca Sea lettuce Europe, Asia Functional foods, feed, bioremediation
Ulva rigida Sea lettuce Mediterranean region Biofertilizers, feed, IMTA systems

Caulerpa lentillifera

Sea grapes/Green caviar

Philippines, Vietnam, Japan

Fresh consumption, nutraceuticals

Food products and functional

Caulerpa racemosa Sea grapes Southeast Asia . ;
ingredients
. . . Premium f r n
Alaria esculenta Atlantic wakame Europe, North America emiu .OOd products and
nutraceuticals

Sargassum fusiforme

Hijiki

China, Japan

Food, traditional medicines, bioactive
extracts

of different multicellular generations. These life-history strategies
determine how propagules are produced, how seedstock is generated,
and how cultivation systems are designed. Consequently, a detailed
understanding of seaweed reproductive biology is essential for
successful aquaculture operations, selective breeding programs, and
long-term industry sustainability [44].

Most cultivated seaweeds display an alternation of generations,
in which haploid (gametophytic) and diploid (sporophytic)
phases occur during the life cycle. However, the complexity of this
alternation varies considerably among taxonomic groups [45]. Green
seaweed often exhibits relatively simple life cycles, with isomorphic
alternation of generations, whereas many commercially important

red and brown algae possess heteromorphic life cycles in which
the sporophyte and gametophyte differ markedly in morphology,
physiology, and ecological requirements. These differences have
important implications for cultivation because specific life stages
may be more suitable for propagation, transplantation, or biomass
production [46].

Brown seaweeds (Phaeophyceae), including species such as
Saccharina japonica, Saccharina latissima, Undaria pinnatifida,
and Alaria esculenta, typically exhibit heteromorphic alternation of
generations. In these species, the large and conspicuous kelp thallus
represents the diploid sporophyte, which produces meiotic spores
within specialized reproductive structures known as sori. The released
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spores germinate into microscopic male and female gametophytes
that produce gametes. Following fertilization, the resulting zygote
develops into a new sporophyte (Figure 1), which ultimately
forms the commercially harvested biomass [47]. Knowledge of
the environmental factors regulating spore release, gametophyte
maturation, and fertilization is critical for hatchery production and
large-scale kelp farming.

Red seaweeds (Rhodophyta) often exhibit more complex
triphasic life cycles involving gametophyte, carposporophyte, and
tetrasporophyte stages [48] (Figure 2). Species such as Kappaphycus
alvarezii, Eucheuma denticulatum, and Gracilaria chilensis are
cultivated worldwide for food, hydrocolloid production, and
biotechnology applications [8].

In Porphyra/Pyropia/Neopyropia species, the life cycle alternates
between a leafy gametophytic stage and a filamentous sporophytic
stage known as the Conchocelis phase (Figure 3). The discovery
and manipulation of the Conchocelis stage revolutionized nori
cultivation, enabling controlled hatchery production and industrial-
scale farming [49]. Similarly, understanding the reproductive biology
of carrageenan-producing species has facilitated the development of
more efficient propagation techniques and strain-selection programs
[50].

Green seaweeds (Chlorophyta), including species such as Ulva
lactuca, U. rigida, U. ohnoi and Ulva prolifera, generally display
isomorphic or only slightly heteromorphic alternation of generations
(Figure 4). In these species, sporophytic and gametophytic stages
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often appear morphologically similar, making life-cycle identification
more challenging [51]. Nevertheless, control of reproductive events
remains important because excessive sporulation can reduce biomass
yield and affect product quality. Advances in the understanding of
reproductive induction mechanisms have improved cultivation
strategies for Ulva species, particularly in Integrated Multi-Trophic
Aquaculture (IMTA) systems [52].

The practical importance of life-cycle management in seaweed
aquaculture cannot be overstated. Modern hatchery operations rely
on precise control of environmental parameters such as temperature,
photoperiod, nutrient availability, salinity, and irradiance to induce
reproduction and optimize seedstock production. Successful
management of these factors enables the year-round production
of juvenile sporophytes or thalli, ensuring a consistent supply
of high-quality cultivation material [53]. Hatchery-produced
seedlings generally exhibit improved uniformity, enhanced growth

performance, and reduced vulnerability to environmental fluctuations
compared with naturally collected propagules [54].

A comprehensive understanding of reproductive biology is
also fundamental for selective breeding and genetic improvement
programs. Controlled crosses between genetically distinct individuals
allow the development of strains with desirable traits, including faster
growth, enhanced nutritional value, increased hydrocolloid yield,
improved resistance to diseases and epiphytes, and greater tolerance
to temperature fluctuations and other environmental stressors. The
ability to manipulate reproductive stages has therefore become a
cornerstone of modern seaweed biotechnology and aquaculture
innovation [55]. Furthermore, life-cycle knowledge contributes to
the conservation of genetic diversity and the sustainable management
of cultivated stocks. Excessive reliance on vegetative propagation or
limited genetic resources can increase the risk of genetic erosion and
reduce the adaptability of cultivated populations. Maintaining diverse
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breeding populations and understanding reproductive dynamics are
essential for preserving resilience against climate change, emerging
diseases, and other environmental challenges that may affect future
seaweed production [56].

Overall, the study of seaweed life cycles provides the biological
foundation for hatchery development, seedstock production,
genetic improvement, and sustainable aquaculture management.
As global demand for seaweed-derived food, feed, pharmaceuticals,
biomaterials, and bioactive compounds continues to grow, advances in
reproductive biology will remain critical for improving productivity,
ensuring genetic resilience, and supporting the continued expansion
of the seaweed farming industry [57].

Seaweed Cultivation Systems

Seaweed cultivation systems have been developed to maximize
biomass production while adapting to different environmental and
economic conditions. The choice of cultivation method depends
on factors such as species biology, water depth, hydrodynamic
conditions, nutrient availability, and farm management objectives.
Among the available approaches, nearshore farming and longline
cultivation are the most widely adopted systems for commercial
seaweed production worldwide [3].

Nearshore farming

Nearshore farming is practiced in sheltered coastal waters,
including bays, lagoons, estuaries, and protected shorelines. This
cultivation method is the most common worldwide because of
its simplicity, relatively low investment requirements, and ease of
management. Species frequently cultivated in nearshore environments
include K. alvarezii, E. denticulatum, G. chilensis, U. lactuca, and S.
fusiforme. The proximity of these farms to the coast facilitates routine
operations such as seeding, monitoring, maintenance, and harvesting,
while also reducing transportation and logistical costs [58]. Nearshore
cultivation benefits from natural nutrient inputs and moderate water
movement, which support seaweed growth. In many developing
coastal regions, these systems provide important socioeconomic
opportunities by generating employment and supporting small-scale
aquaculture enterprises. However, increasing competition for coastal
resources and growing environmental pressures have highlighted
some limitations associated with this cultivation approach [59].

The principal advantages of nearshore farming include relatively
low infrastructure costs, simple farm management, easy access for
maintenance and harvesting, and suitability for community-based
production systems. Nevertheless, nearshore farms can be affected
by coastal pollution, eutrophication, biofouling, and grazing by
herbivorous organisms. In addition, competition with tourism,
fisheries, maritime transportation, and coastal conservation activities
may restrict the availability of suitable farming areas. Extreme weather
events such as storms and strong wave action also pose significant
risks to farm infrastructure and crop survival [60].

Longline systems

Longline cultivation is one of the most successful and widely used
technologies for commercial seaweed farming. The system consists of
horizontal ropes suspended between flotation devices and secured by
anchors or mooring structures. Seeded cultivation lines are attached
to these ropes, allowing seaweeds to grow within the water column
where they can efficiently access sunlight and dissolved nutrients [61].
Longline systems are particularly suitable for large brown seaweeds

such as Saccharina japonica, S. latissima, Undaria pinnatifida, Alaria
esculenta, and Macrocystis pyrifera, although they are also extensively
used for the farming of commercially valuable red algae [62].

The cultivation process typically begins with the collection
of reproductive material from selected broodstock. Seedlings or
propagules are produced under controlled hatchery conditions and
subsequently attached to cultivation ropes. These seeded lines are
then deployed at sea, where the developing thalli remain suspended
in nutrient-rich waters throughout the grow-out phase. Regular
monitoring is required to evaluate growth performance, manage
biofouling, inspect infrastructure integrity, and determine the
optimal harvest time [63].

Longline systems offer several advantages over traditional
nearshore methods. By utilizing the vertical dimension of the water
column, they can achieve high biomass yields while requiring
relatively little seabed area [64]. Their scalability makes them suitable
for both small commercial farms and large industrial operations, and
they can be incorporated into integrated multi-trophic aquaculture
systems alongside fish and shellfish production. Furthermore,
longline cultivation generally has a lower environmental footprint
than many fed aquaculture systems because seaweeds require no
external feed inputs [65].

Despite these advantages, longline systems require greater
technical expertise and higher initial investment than simpler
farming methods. Infrastructure components such as anchors,
moorings, ropes, and flotation devices must withstand constant
exposure to waves, currents, and storms. Damage to equipment can
result in crop losses and increased maintenance costs [66]. In offshore
environments, operational complexity and harvesting logistics
may also become significant challenges. Nevertheless, the high
productivity and adaptability of longline cultivation have established
it as a cornerstone technology in modern seaweed aquaculture,
and continued technological improvements are expected to further
expand its application in offshore farming systems [64].

Raft cultivation

Raft cultivation is a floating farming technique widely used for
the commercial production of seaweeds such as Porphyra/Pyropia
spp. (Nori) [67, 68], and Gracilariopsis longissima [69]. In this
system, cultivation nets or ropes are suspended from floating rafts
constructed from bamboo, wood, plastic, or other buoyant materials.
The rafts are anchored in coastal waters, allowing the cultivated
seaweeds to remain within the optimal zone for light penetration
and nutrient uptake throughout the production cycle [68, 69]. This
cultivation method is particularly popular in East and Southeast
Asia, where it supports large-scale production of edible seaweeds
for food and industrial applications. By maintaining the crop close
to the water surface, raft systems maximize access to sunlight,
thereby enhancing photosynthetic efficiency and promoting rapid
biomass accumulation. The continuous movement of water around
the suspended thalli also improves nutrient exchange and reduces
the accumulation of sediments and epiphytes on the algal surface
[70]. Raft cultivation offers several advantages, including efficient
light exposure, enhanced water circulation, and high productivity
compared with bottom-based cultivation methods. The system also
facilitates routine farm management activities such as inspection,
cleaning, and harvesting. Furthermore, raft structures can be adapted
to different environmental conditions and species requirements,
making them highly versatile and suitable for both small-scale and
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commercial operations [71].

Despite these benefits, raft cultivation is not without challenges.
The structures may be vulnerable to strong winds, storms, and
high wave energy, which can damage infrastructure and result
in biomass losses [4]. In densely utilized coastal areas, raft farms
may also compete with fisheries, navigation routes, and tourism
activities. Additionally, regular maintenance is required to prevent
fouling, ensure structural stability, and maintain optimal production
performance. Nevertheless, due to their simplicity, effectiveness, and
relatively high yields, raft systems remain among the most important
cultivation technologies used in modern seaweed aquaculture [72].

Bottom culture

Bottom culture is one of the simplest and most traditional methods
of seaweed farming, involving the direct cultivation of seaweeds on
natural sediments in shallow coastal areas, lagoons, estuaries, and
intertidal flats [73]. This technique is particularly suitable for species
that can tolerate partial burial, variable salinity, and periodic exposure
duringlow tides. Among commercially cultivated seaweeds, Gracilaria
spp. are the most commonly grown using bottom-culture systems
due to their ability to thrive on soft, muddy or sandy substrates [74].
In bottom culture operations, seaweed fragments or propagules are
either scattered directly onto prepared cultivation grounds or secured
using stakes, nets, or simple anchoring structures. Growth occurs
under natural environmental conditions, with nutrients supplied by
surrounding waters and sediments. The method requires minimal
infrastructure and is therefore especially attractive in regions where
financial resources and technological capacity are limited [75].

The primary advantages of bottom culture include low
establishment and maintenance costs, reduced requirements for
specialized equipment, and ease of implementation over large
cultivation areas. Because the crop grows directly on natural substrates,
operational activities are relatively simple, and harvesting can often
be carried out manually. Bottom culture also provides opportunities
for small-scale and community-based aquaculture development,
contributing to rural livelihoods and local economies [76]. However,
productivity is generally lower than in suspended cultivation systems
because the seaweeds may experience reduced light availability,
sediment accumulation, and limited water movement. Crops are also
more susceptible to grazing by herbivorous organisms, competition
with other benthic species, and environmental fluctuations such
as changes in salinity and temperature. Furthermore, excessive
sedimentation and poor water quality can negatively affect growth
and biomass quality [77]. Despite these limitations, bottom culture
remains an important cultivation strategy for Gracilaria and other
sediment-tolerant species, particularly in tropical and subtropical
regions where suitable shallow-water habitats are abundant. Its
low-cost nature and operational simplicity continue to make it an
attractive option for sustainable seaweed production, especially in
areas with limited access to advanced farming technologies [78].

Offshore seaweed farming

Offshore seaweed farming has emerged as one of the most
promising directions for the future expansion of global seaweed
aquaculture. As coastal zones become increasingly crowded due to
competition from fisheries, tourism, shipping, urban development,
and marine conservation activities, the availability of suitable
nearshore farming sites has become a significant constraint.
Consequently, attention has shifted toward offshore environments
located further from the coastline, where extensive areas remain

available for cultivation [79].

Offshore farms are typically deployed in deeper waters and are
designed to withstand stronger waves, currents, and wind exposure
to conventional nearshore systems. These operations often utilize
reinforced longlines, submerged cultivation structures, advanced
mooring systems, and automated monitoring technologies. Species
commonly considered for offshore cultivation include large brown
seaweeds such as Saccharina latissima, Saccharina japonica,
Macrocystis pyrifera, Alaria esculenta, and Undaria pinnatifida,
which exhibit rapid growth and high biomass productivity under
nutrient-rich marine conditions [80].

One of the principal advantages of offshore farming is the
reduction of spatial conflicts with other coastal users. By relocating
cultivation activities away from densely utilized nearshore areas,
offshore farms can minimize competition for marine space while
enabling substantial expansion of production capacity. Offshore
environments also generally provide better water exchange, lower
exposure to land-based pollution, and more stable environmental
conditions, which can contribute to improved crop quality and
reduced biofouling. Furthermore, the vast area available in offshore
waters offers significant opportunities for large-scale biomass
production, supporting the growing demand for food, feed, biofuels,
pharmaceuticals, nutraceuticals, and biobased materials [81].

Despite its considerable potential, offshore cultivation presents
important technical and economic challenges. Infrastructure must be
capable of withstanding severe environmental conditions, including
strong currents, large waves, storms, and occasional extreme weather
events. Consequently, the development and installation of offshore
farming systems require substantial engineering expertise and
high capital investment. Routine operations such as deployment,
monitoring, maintenance, and harvesting are also more complex and
costly than in nearshore farms, often requiring specialized vessels and
equipment [82].

Additional challenges include ensuring structural durability,
minimizing biomass losses during adverse weather conditions, and
developing economically viable harvesting technologies for large
offshore installations [83]. Regulatory frameworks and marine
spatial planning policies may also influence the expansion of offshore
aquaculture in many regions [84]. Nevertheless, continuing advances
in engineering design, remote sensing technologies, automation, and
integrated offshore aquaculture systems are expected to enhance the
feasibility and profitability of offshore seaweed farming (Figure 5). As
global demand for sustainable marine biomass continues to increase,
offshore cultivation is likely to become an increasingly important
component of the future blue economy [72].

Hatchery Technologies and Seed Production

A reliable and consistent supply of high-quality seedstock is
fundamental to the success of commercial seaweed aquaculture.
Hatcheries play a critical role in producing healthy seedlings,
ensuring genetic quality, reducing crop losses, and enabling year-
round cultivation. Modern hatchery technologies allow producers
to control environmental conditions during the early developmental
stages of seaweeds, thereby improving seedling survival, growth rates,
and overall farm productivity [19].

The hatchery process generally begins with the selection of
healthy reproductive material from broodstock populations. Spores,
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gametes, or vegetative propagules are collected and cultured under
carefully controlled laboratory conditions before being transferred
to nursery systems and, subsequently, to grow-out farms. Successful
hatchery management requires precise regulation of environmental
parameters that influence growth, reproduction, and morphogenesis
[85].

Modern hatcheries commonly utilize controlled photoperiods
to regulate reproductive cycles and optimize seedling development.
Temperature regulation is equally important, as different species
exhibit specific thermal requirements for spore release, germination,
and juvenile growth. Nutrient optimization through the use of
enriched culture media helps maximize growth performance and
improve seedling quality, while sterile culture techniques reduce
contamination by bacteria, fungi, epiphytes, and competing
microalgae. Together, these practices contribute to higher survival
rates and more predictable production outcomes [86].

Recent technological advances have significantly expanded
the capabilities of seaweed hatcheries. Tissue culture techniques
enable the propagation of elite germplasm and facilitate the rapid
multiplication of desirable strains. Clonal propagation methods are
increasingly employed to maintain genetically uniform stocks with
advantageous characteristics such as rapid growth, environmental
tolerance, composition  [75].
Cryopreservation technologies provide long-term storage of genetic
resources, supporting breeding programs, biodiversity conservation,
and germplasm banking. In parallel, molecular-assisted breeding
approaches are accelerating the development of improved cultivars
through the identification and selection of desirable genetic traits [87].
The application of molecular tools, including DNA markers, genomic
sequencing, and molecular diagnostics, is transforming seaweed
breeding programs by enabling more precise selection of strains
with superior productivity, disease resistance, and environmental
adaptability [88]. These innovations are particularly important as
industry seeks to develop cultivars capable of thriving under changing
climatic conditions and expanding into new cultivation regions [89].

and enhanced biochemical

Despite major advances, hatchery operations continue to
face challenges related to contamination control, maintenance of
genetic diversity, scaling-up production, and the economic costs
associated with highly controlled culture facilities. Nevertheless,
ongoing improvements in biotechnology, automation, and breeding
methodologies are expected to enhance seed production efficiency
and provide the genetic foundation necessary for the continued
growth and sustainability of the global seaweed aquaculture industry
[90].

Integrated
(IMTA)

Integrated Multi-Trophic Aquaculture (IMTA) is an increasingly
important approach in sustainable aquaculture that combines the
cultivation of organisms from different trophic levels within the same
production system. The concept is based on ecological principles,
whereby the waste products generated by one cultured species serve
as resources for another, creating a more balanced and resource-
efficient farming environment. In seaweed aquaculture, IMTA
commonly integrates finfish, shellfish, and macroalgae within a single
production unit [91].

Multi-Trophic  Aquaculture

In typical IMTA systems, finfish such as salmon, sea bass,
or sea bream are cultivated as the primary fed component. Fish
farming activities release dissolved nutrients, particularly nitrogen
and phosphorus compounds, into the surrounding water through
uneaten feed and metabolic excretions. Seaweeds cultivated adjacent
to fish cages absorb these nutrients for growth, thereby acting as
natural biofilters that help improve water quality and mitigate
the environmental impacts associated with intensive aquaculture.
Shellfish such as mussels, oysters, and scallops may also be
incorporated into the system, where they remove particulate organic
matter from the water column through filter-feeding activities
[92]. The integration of seaweeds into aquaculture operations
provides multiple environmental benefits. Through nutrient uptake,
seaweeds contribute to nutrient bio-extraction, reducing the risk of
eutrophication and improving ecosystem health in areas surrounding
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Figure 6: Integrated Multi-Trophic Aquaculture (IMTA) System. Fish, seaweed, and mussels are cultivated in an integrated system in which dissolved nutrients
and particulate organic matter can be recovered by complementary organisms. Potential benefits include improved nutrient cycling, more efficient resource use,

fish farms. In addition, seaweed photosynthesis can increase dissolved
oxygen levels and contribute to local carbon sequestration, further
enhancing environmental sustainability (Figure 6) [93].

From an economic perspective, IMTA offers opportunities for
product diversification and additional revenue generation. Farmers
can simultaneously produce fish, shellfish, and seaweed biomass
for food, feed additives, nutraceuticals, pharmaceuticals, cosmetics,
biofertilizers, and bioproducts. This diversification can improve
farm profitability while reducing economic risks associated with
dependence on a single cultured species [94]. Another important
advantage of IMTA is the enhancement of ecosystem resilience. By
mimicking natural ecological interactions and promoting nutrient
recycling, integrated systems are often more environmentally stable
than conventional monoculture operations. The presence of multiple
cultured species can improve resource utilization efficiency and
contribute to a more circular and sustainable aquaculture model [95].

Despite its considerable potential, successful implementation of
IMTA requires careful species selection, optimization of stocking
densities, appropriate farm design, and continuous environmental
monitoring. Regulatory frameworks, market development, and
technical expertise also remain important factors influencing
large-scale adoption. Nevertheless, growing interest in sustainable
aquaculture and ecosystem-based management is driving increased
investment in IMTA research and commercial applications
worldwide [94].

Overall, IMTA represents one of the most promising strategies
for enhancing the environmental sustainability, economic viability,
and social acceptance of modern aquaculture. As global demand
for seafood and marine biomass continues to increase, integrated
production systems are expected to play a central role in the future
development of the blue economy.

Environmental Benefits of Seaweed

Aquaculture

Seaweed aquaculture is increasingly recognized as one of the

most environmentally sustainable forms of food production. Unlike
many conventional aquaculture systems, seaweed does not require
freshwater irrigation, arable land, fertilizers, or external feed inputs.
Through their natural metabolic activities, cultivated seaweed provides
a range of ecosystem services, including nutrient removal, carbon
sequestration, habitat provision, and water quality improvement.
These environmental benefits have positioned seaweed farming as
an important component of sustainable coastal management and the
emerging blue economy [3].

Nutrient removal

One of the most significant environmental functions of cultivated
seaweeds is their ability to absorb excess nutrients from aquatic
environments. Seaweeds require substantial amounts of nitrogen
and phosphorus to support growth and biomass production. These
nutrients are assimilated directly from seawater, primarily in the
form of ammonium, nitrate, and phosphate [96].

In coastal regions affected by agricultural runoff, urban
wastewater discharge, and intensive aquaculture activities, elevated
nutrient concentrations can stimulate excessive phytoplankton
growth, resulting in eutrophication, harmful algal blooms, oxygen
depletion, and ecosystem degradation. Seaweed cultivation can
help mitigate these impacts by removing dissolved nutrients from
the water column and incorporating them into harvestable biomass
[97]. The effectiveness of nutrient removal varies according to
species, cultivation density, environmental conditions, and seasonal
productivity. Fast-growing species such as Ulva spp., Saccharina
latissima, Saccharina japonica, Gracilaria spp., and Pyropia spp.
are particularly efficient at nutrient uptake and have been widely
investigated for nutrient bio-extraction applications [98].

Seaweed farms located near fish cages and other aquaculture
facilities can function as biological filters, capturing nutrients that
would otherwise accumulate in surrounding waters. This capacity has
made seaweeds an essential component of Integrated Multi-Trophic
Aquaculture (IMTA) systems, where they contribute to nutrient
recycling and environmental remediation [30]. Beyond improving
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water quality, nutrient removal through seaweed cultivation can
also generate valuable biomass that may be utilized for food, feed,
biofertilizers, pharmaceuticals, nutraceuticals, and bioenergy
applications. Consequently, seaweed farming provides a unique
opportunity to simultaneously address environmental challenges
while supporting economically productive activities [99].

Overall, the nutrient assimilation capacity of seaweeds
contributes significantly to reducing eutrophication risks, enhancing
ecosystem health, and promoting more sustainable management of
coastal and marine resources. As pressures on coastal ecosystems
continue to increase worldwide, the role of seaweed aquaculture in
nutrient mitigation and ecological restoration is expected to become
increasingly important [76].

Carbon sequestration

Seaweed cultivation has attracted significant attention as a
potential nature-based solution for climate change mitigation due
to its capacity to absorb carbon dioxide during photosynthesis and
convert it into biomass. Through rapid growth and high primary
productivity, seaweeds can remove substantial quantities of carbon
from marine environments, contributing to the regulation of global
carbon cycles [100]. During growth, seaweeds capture dissolved
inorganic carbon from seawater and incorporate it into their tissues.
This process not only supports biomass accumulation but can also
influence local carbonate chemistry and potentially alleviate some
effects of ocean acidification [101]. Large-scale cultivation of highly
productive species such as Saccharina latissima, Saccharina japonica,
Macrocystis pyrifera, and Undaria pinnatifida has therefore been
proposed as a strategy to enhance biological carbon capture in coastal
and offshore ecosystems [102].

The climate benefits of seaweed farming extend beyond direct
carbon uptake. Harvested biomass can be utilized to produce
biofuels, bioplastics, biochar, and other biobased products that
may partially replace fossil fuel-derived materials. In addition, the
incorporation of seaweed-derived products into agricultural systems
can contribute to carbon storage in soils and reduce greenhouse gas
emissions associated with conventional fertilizers and industrial
processes [103]. Seaweeds contribute to carbon storage through
several pathways. A portion of naturally detached biomass may be
transported to deep ocean environments, where carbon can remain
isolated from the atmosphere for extended periods. Some organic
matter may also become buried in coastal sediments, creating longer-
term carbon reservoirs. However, the extent to which cultivated
seaweeds contribute to permanent carbon sequestration remains
an active area of scientific research [104]. Although there is broad
agreement regarding the substantial carbon capture capacity
of seaweeds, uncertainties remain concerning the magnitude,
permanence, and verification of long-term carbon storage. Factors
such as species composition, cultivation practices, environmental
conditions, biomass fate, and ecosystem interactions can influence the
overall sequestration potential. Consequently, robust monitoring and
standardized carbon accounting methodologies are required before
large-scale carbon sequestration credits can be reliably attributed to
seaweed farming operations [105].

Nevertheless, seaweed aquaculture is widely regarded as a
promising component of future climate mitigation strategies. In
combination with its additional environmental benefits, including
nutrient removal, habitat enhancement, and sustainable biomass
production, seaweed cultivation has considerable potential to support

global efforts toward carbon neutrality and the development of
resilient blue-economy initiatives [4].

Biodiversity enhancement

In addition to their role in nutrient cycling and carbon capture,
seaweed farms can provide valuable ecological functions by
enhancing marine biodiversity. The three-dimensional structure
created by cultivated seaweed beds increases habitat complexity,
offering shelter, feeding grounds, and nursery areas for a wide range
of marine organisms. As a result, seaweed farms often function as
artificial habitats that support diverse biological communities and
contribute to the ecological productivity of coastal ecosystems [106].

Numerous studies have shown that seaweed cultivation areas
can attract and sustain fish populations, including both juvenile and
adult stages of commercially and ecologically important species.
The physical structure of the algal canopy provides protection
from predators, while the associated microbial and invertebrate
communities serve as a food resource. Consequently, seaweed
farms may act as localized biodiversity hotspots within otherwise
less structured marine environments [107]. Crustaceans, including
shrimps, crabs, amphipods, and copepods, are frequently found
among cultivated seaweeds. These organisms utilize the dense
thalli as refuge from predation and as a substrate for feeding and
reproduction. Similarly, numerous mollusks, such as snails, bivalves,
and juvenile shellfish, are commonly associated with seaweed farming
structures and benefit from the increased availability of habitat and
food resources [108].

Seaweed farms also support diverse epiphytic and epifaunal
communities. Epiphytic algae, bacteria, fungi, and microorganisms
colonize the surfaces of cultivated seaweeds, creating complex
microhabitats that contribute to ecological interactions and nutrient
cycling. These communities form the foundation of local food webs
and play important roles in maintaining ecosystem functioning
and biological productivity [109]. The biodiversity benefits of
seaweed aquaculture can extend beyond the immediate cultivation
area. By increasing habitat availability and structural complexity,
seaweed farms may contribute to the recovery of degraded coastal
environments, enhance local fisheries production, and improve
ecosystem resilience in the face of environmental disturbances.
However, the magnitude of these benefits depends on factors such
as cultivation scale, species composition, farm design, and local
environmental conditions [110].

Although careful management is necessary to prevent negative
ecological impacts, such as the introduction of non-native species
or excessive habitat modification, well-designed seaweed farms are
generally considered compatible with biodiversity conservation
objectives. Consequently, seaweed aquaculture is increasingly
recognized not only as a sustainable food production system but
also as a valuable tool for supporting marine ecosystem health and
promoting nature-positive coastal development [111].

Reduced resource demand

One of the most important sustainability advantages of seaweed
aquaculture is its exceptionally low demand for natural resources
compared with conventional terrestrial agriculture. As global
concerns regarding freshwater scarcity, land degradation, and
agricultural intensification continue to grow, seaweed cultivation has
emerged as an attractive alternative for producing food, feed, and
biomass without placing additional pressure on limited terrestrial
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resources [72].

Unlike most agricultural crops, seaweeds do not require
freshwater irrigation. Growth occurs entirely in marine or brackish
environments, eliminating competition with human consumption,
industrial use, and conventional agriculture for freshwater resources.
This characteristic is particularly relevant in regions facing increasing
water stress and climate-related droughts [112]. Seaweed farming also
eliminates the need for arable land. Cultivation takes place in coastal
and marine environments, allowing biomass production without
converting forests, grasslands, or agricultural areas. Consequently,
seaweed aquaculture avoids many of the environmental impacts
associated with land-use change, including habitat destruction, soil
erosion, biodiversity loss, and greenhouse gas emissions resulting
from deforestation and agricultural expansion [113]. Another
significant advantage is the minimal requirement for fertilizer
inputs. Most cultivated seaweeds obtain essential nutrients directly
from surrounding waters through natural biological processes.
Nitrogen, phosphorus, potassium, and micronutrients are absorbed
from seawater, reducing dependence on synthetic fertilizers whose
production and application can contribute to environmental pollution
and greenhouse gas emissions. In some cases, seaweed farms can
even remove excess nutrients from eutrophic waters, transforming
environmental pollutants into valuable biomass [114].

The efficient use of resources makes seaweed cultivation one of
the most sustainable biomass production systems currently available.
Life-cycle assessments have consistently shown that seaweed farming
generally exhibits lower freshwater consumption, reduced land-
use requirements, and smaller environmental footprints compared
with many terrestrial crops and livestock production systems [115].
These characteristics position seaweed aquaculture as a promising
component of future sustainable food systems and bioeconomy
strategies. By producing large quantities of biomass while requiring
no freshwater, no agricultural land, and minimal external nutrient
inputs, seaweed farming offers a pathway toward increasing global
food and bioproduct production without exacerbating existing
pressures on terrestrial ecosystems. As demand for sustainable

resources continues to increase, the resource efficiency of seaweed
cultivation is expected to become an increasingly important factor
supporting its global expansion [60].

Industrial Applications

The remarkable biochemical diversity of seaweeds has led to
their utilization across numerous industrial sectors, including
food production, pharmaceuticals, cosmetics,
agriculture, animal feed, and bioenergy. Seaweeds are rich sources
of proteins, polysaccharides, minerals, vitamins, pigments, and
bioactive compounds, making them valuable renewable resources
for the development of sustainable products (Figure 7). As consumer
demand for natural, functional, and environmentally friendly
ingredients continues to increase, the commercial importance of
seaweed-derived products is expanding worldwide [116].

nutraceuticals,

Food and functional foods

Seaweeds have been consumed for centuries, particularly
in Asian countries such as China, Japan, and Korea, where they
constitute an important component of traditional diets. In recent
decades, interest in seaweed as a food resource has expanded
globally due to growing awareness of its nutritional value and
potential health benefits. Numerous species, including Pyropia spp.,
Saccharina japonica, Undaria pinnatifida, Ulva spp., and Palmaria
palmata, are commercially harvested or cultivated for direct human
consumption [117]. Seaweeds possess a highly favorable nutritional
profile and provide a diverse range of essential nutrients. They are
rich in proteins, particularly certain red and green algae that contain
significant quantities of essential amino acids. Seaweeds are also
important sources of dietary fiber, including soluble polysaccharides
such as alginate, agar, and carrageenan, which contribute to digestive
health and may help regulate blood glucose and cholesterol levels
[118]. In addition to macronutrients, seaweeds provide a wide range
of vitamins, including vitamins A, C, E, and several B-complex
vitamins. They are also recognized as valuable sources of essential
minerals such as iodine, calcium, magnesium, potassium, iron, zinc,
and selenium. The high mineral content of many species has attracted
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considerable attention for addressing micronutrient deficiencies
and supporting balanced nutrition [119]. Seaweeds further contain
numerous bioactive compounds, including polyphenols, carotenoids,
phycobiliproteins, sulfated polysaccharides, and other secondary
metabolites with antioxidant, anti-inflammatory, antimicrobial,
and potential health-promoting properties. These compounds have
stimulated growing interest in the development of functional foods
designed to provide benefits beyond basic nutrition [120].

The incorporation of seaweed ingredients into food systems is
increasing worldwide. Seaweed-derived products are now used in
snacks, salads, soups, noodles, bakery products, dairyalternatives, meat
analogues, beverages, and nutritional supplements. Hydrocolloids
extracted from seaweeds, particularly agar, carrageenan, and
alginate, are extensively employed as gelling, thickening, stabilizing,
and emulsifying agents in the food industry [2]. Recent consumer
trends favoring plant-based diets, sustainable food production, and
functional ingredients have further accelerated the integration of
seaweeds into modern food formulations. Consequently, seaweed-
based foods are increasingly viewed as important contributors to
future sustainable food systems capable of supporting both human
health and environmental sustainability [121].

The extraction and commercialization of hydrocolloids represent
one of the oldest and most economically important applications
of seaweeds. Hydrocolloids are water-soluble polysaccharides
characterized by their ability to form gels, increase viscosity, stabilize
emulsions, and modify texture. The global hydrocolloid industry
relies heavily on cultivated seaweeds as renewable raw materials for
the production of alginate, agar, and carrageenan. These compounds
are widely utilized in the food, pharmaceutical, biomedical, cosmetic,
and biotechnology sectors due to their unique physicochemical
properties and biocompatibility [122].

Alginate

Alginate is a naturally occurring polysaccharide extracted
primarily from brown seaweeds such as Saccharina japonica,
Macrocystis pyrifera, Ascophyllum nodosum, and Laminaria digitata.
Chemically, alginate consists of linear chains of mannuronic and
guluronic acid residues, which confer excellent gelling, thickening,
and stabilizing properties [123].

The food industry is the largest consumer of alginates, where
they are employed as thickening agents, stabilizers, emulsifiers, and
moisture-retention additives in products such as ice cream, sauces,
beverages, and processed foods. In pharmaceutical applications,
alginates are incorporated into drug delivery systems, wound
dressings, and antacid formulations due to their biocompatibility
and ability to form hydrogels [124]. Furthermore, alginate-based
biomaterials have gained considerable attention in biomedical
engineering, tissue regeneration, cell encapsulation, and regenerative
medicine, making alginate one of the most versatile seaweed-derived
polymers [125].

Agar

Agar is extracted primarily from red algae belonging to the genera
Gracilaria, Gelidium, and Pterocladia. This hydrocolloid consists
mainly of agarose and agaropectin, which provide exceptional gel-
forming capacity and thermal stability. Agar is particularly valued
because it forms strong gels at relatively low concentrations and
remains stable over a wide range of temperatures [126]. One of the
most well-known applications of agar is in microbiology, where it

serves as the standard solidifying agent for microbial culture media.
Its resistance to microbial degradation and favorable gel properties
have made it indispensable in biological and medical laboratories
worldwide [127]. In the food industry, agar is widely used in
confectionery products, desserts, jellies, bakery items, and vegetarian
food formulations as a gelling and stabilizing agent. In biotechnology,
agar supports numerous applications including plant tissue culture,
molecular biology, and microbial research, reinforcing its importance
as a strategic biomaterial for scientific and industrial purposes [128].

Carrageenan

Carrageenan is a sulfated polysaccharide obtained primarily from
red seaweeds such as Kappaphycus alvarezii, Eucheuma denticulatum,
Chondrus crispus, and Gigartina spp. Depending on its chemical
structure, carrageenan is classified into several types, including kappa
(x), iota (1), and lambda (1), each possessing distinct gelling and
thickening characteristics [129]. The dairy industry represents one of
the largest markets for carrageenan. It is extensively used to improve
texture, stability, and mouthfeel in products such as chocolate milk,
yogurt, cream, ice cream, and plant-based dairy alternatives [130]. In
cosmetic formulations, carrageenan serves as a thickener, stabilizer,
and moisture-retaining ingredient in lotions, shampoos, creams,
and personal care products. Pharmaceutical applications include
tablet formulations, controlled drug-release systems, wound-healing
materials, and other biomedical products owing to its biocompatibility
and functional versatility [131].

Economic importance of hydrocolloids

The commercial success of alginate, agar, and carrageenan
has been a major driver of global seaweed cultivation. Many of the
world's largest seaweed farming industries were originally developed
to supply raw material for hydrocolloid extraction. Species such as
Kappaphycus alvarezii, Eucheuma denticulatum, and Gracilaria spp.
are now cultivated extensively across Asia, Africa, and Latin America
to meet growing industrial demand [132]. As consumer preferences
increasingly shift toward natural ingredients and sustainable
materials, hydrocolloids derived from seaweeds are expected to
remain essential components of numerous industrial processes.
Ongoing research aimed at improving extraction technologies,
enhancing product functionality, and developing novel biomedical
applications is likely to further increase the economic importance of
seaweed-derived hydrocolloids in the coming decades [133].

Animal feed

The use of seaweeds as ingredients in animal nutrition has
expanded considerably in recent years, driven by the growing
demand for sustainable feed resources and natural alternatives to
conventional feed additives. Seaweeds are rich in proteins, minerals,
vitamins, dietary fibers, essential fatty acids, and bioactive compounds
that can contribute to improved animal health and performance.
Consequently, numerous species are being incorporated into feeds
for aquaculture, poultry, ruminants, and other livestock production
systems [134].

In aquaculture, seaweed-derived ingredients are increasingly
used in feeds for fish, shrimp, and mollusks. Species such as Ulva,
Gracilaria, Saccharina, and Porphyra/Pyropia provide valuable
nutrients and bioactive compounds that can enhance growth
performance, strengthen immune responses, improve feed utilization
efficiency, and increase resistance to environmental stress and disease.
Seaweed supplementation can also improve the nutritional quality of
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aquaculture products by enriching them with minerals, antioxidants,
and beneficial fatty acids [135].

The poultry industry has similarly shown growing interest in
seaweed-based feed additives. Inclusion of seaweed biomass or
extracts in poultry diets has been associated with improved gut health,
enhanced immune function, better nutrient digestion, and improved
egg and meat quality. The natural antioxidant and antimicrobial
properties of certain seaweed compounds may further contribute
to animal health while reducing dependence on synthetic growth
promoters [136]. In livestock production, seaweeds are increasingly
utilized as feed supplements for cattle, sheep, goats, and pigs. Beyond
their nutritional value, seaweeds contain bioactive metabolites
that can positively influence digestive processes and overall animal
productivity. Several studies have demonstrated improvements
in feed efficiency, weight gain, milk production, and animal health
following dietary supplementation with selected seaweed species
[137].

A particularly important area of current research concerns the
ability of certain seaweeds to reduce enteric methane emissions
from ruminants. Methane produced during digestion represents
a significant source of greenhouse gas emissions from livestock
agriculture.  Species Asparagopsis  taxiformis
demonstrated considerable potential to reduce methane production
by inhibiting specific microbial pathways in the rumen. This discovery
has generated substantial interest in seaweed-based feed additives
as tools for improving the environmental sustainability of livestock
production [138].

such as have

The growing application of seaweeds in animal feed reflects their
dual value as both nutritional resources and functional ingredients. As
research continues to optimize inclusion rates, processing methods,
and species selection, seaweed-derived feed products are expected to
play an increasingly important role in sustainable animal agriculture,
supporting improved animal health, enhanced productivity, and
reduced environmental impacts [139].

Nutraceuticals and pharmaceuticals

Seaweeds have emerged as valuable sources of nutraceutical and
pharmaceutical compounds owing to their remarkable diversity
of bioactive metabolites. Interest in marine-derived products has
expanded significantly over the past decade as researchers seek natural
compounds capable of supporting disease prevention and promoting
human health. Brown, red, and green seaweeds synthesize a wide
array of polysaccharides, polyphenols, pigments, peptides, and other
secondary metabolites that exhibit important biological activities
and show considerable potential for application in functional foods,
dietary supplements, and therapeutic products [140].

Among the most extensively studied seaweed-derived compounds
is fucoidan, a sulfated polysaccharide found primarily in brown algae
such as Fucus vesiculosus, Undaria pinnatifida, Saccharina japonica,
and Sargassum species. Fucoidan has attracted considerable scientific
interest due to its antioxidant, anti-inflammatory, anticoagulant,
antiviral, immunomodulatory, and potential anticancer properties.
Numerous experimental studies suggest that fucoidan may influence
cell signaling pathways associated with inflammation, oxidative stress,
and tumor progression, making it a promising candidate for future
pharmaceutical applications [141]. Another important bioactive
polysaccharide is laminarin, a storage glucan predominantly found
in brown seaweeds including Laminaria and Saccharina species.

Laminarin exhibits antioxidant, immunostimulatory, antimicrobial,
and anti-inflammatory activities. It has been investigated for its
potential role in enhancing immune responses, promoting gut
health, and supporting the development of functional foods and
nutraceutical formulations [142].

Phlorotannins are unique polyphenolic compounds synthesized
exclusively by brown algae. Species such as Ecklonia cava, Ascophyllum
nodosum, and various Sargassum species are particularly rich sources
of these molecules. Phlorotannins possess strong antioxidant
activity and have demonstrated anti-inflammatory, antimicrobial,
antidiabetic, neuroprotective, and cardioprotective properties in
numerous experimental models. Their ability to neutralize reactive
oxygen species and modulate key biochemical pathways has
generated considerable interest for applications in nutraceuticals,
pharmaceuticals, and cosmeceuticals [143].

Red seaweeds provide carrageenans, sulfated galactans widely
known for their hydrocolloid properties. In addition to their
industrial importance as gelling and stabilizing agents, carrageenans
have been investigated for biological activities including antiviral,
immunomodulatory, antioxidant, and anti-inflammatory effects.
Their biocompatibility has also encouraged the development of
carrageenan-based drug delivery systems, tissue engineering scaffolds,
and biomedical materials [144].

Green seaweeds such as Ulva species produce ulvans, complex
sulfated polysaccharides that have demonstrated antioxidant,
immunomodulatory, antimicrobial, anticoagulant, and anti-
inflammatory activities. Ongoing research suggests that ulvans may
have potential applications in functional foods, pharmaceutical
formulations, biodegradable biomaterials, and regenerative medicine
[145].

Collectively, these seaweed-derived compounds exhibit a broad
spectrum of biological activities, including antioxidant activity, anti-
inflammatory properties, antimicrobial potential, antiviral effects,
immunomodulatory functions, and anticancer activity. Many of
these effects are associated with the capacity of seaweed metabolites
to regulate oxidative stress, inflammatory pathways, cellular signaling
mechanisms, and microbial growth [2].

The growing demand for natural health-promoting products
has stimulated substantial investment in marine biotechnology
and seaweed bioprospecting. Advances in extraction technologies,
purification methods, metabolomics, and molecular biology are
facilitating the discovery of new bioactive compounds and improving
their commercial development. As a result, seaweeds are increasingly
recognized as strategic resources for the nutraceutical and
pharmaceutical industries, with significant potential to contribute
to future innovations in preventive healthcare and therapeutic
interventions [146].

Bioenergy

The growing demand for renewable and sustainable energy
sources has stimulated significant interest in the use of seaweed
biomass as a feedstock for bioenergy production. Unlike terrestrial
energy crops, seaweeds can be cultivated without requiring arable
land, freshwater irrigation, or large quantities of fertilizers, making
them attractive candidates for the development of low-impact
bioenergy systems. Their rapid growth rates, high productivity, and
ability to accumulate carbohydrates further enhance their potential
as renewable energy resources within the emerging blue bioeconomy
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[147].

Seaweed biomass has been investigated for the production of
several forms of bioenergy, including bioethanol, biogas, biohydrogen,
and sustainable aviation fuels. The suitability of seaweeds for these
applications largely derives from their high carbohydrate content and
relatively low lignin concentrations compared with terrestrial plants,
which can facilitate biomass conversion processes [148].

Bioethanol production has received considerable attention,
particularly from brown and red seaweeds rich in fermentable
carbohydrates such as laminarin, mannitol, agar, and carrageenan.
Through hydrolysis and microbial fermentation processes, these
carbohydrates can be converted into ethanol, offering a renewable
alternative to fossil-derived transportation fuels. Species such as
Saccharina japonica, Saccharina latissima (Phaeophyceae), and
Gracilaria spp. (Rhodophyta) have been widely explored as potential
feedstocks for bioethanol production [149, 150].

Biogas can be generated through the anaerobic digestion of
seaweed biomass by microbial communities under oxygen-free
conditions. This process produces methane-rich gas that can be
utilized for heating, electricity generation, or upgraded biomethane
applications. Anaerobic digestion also generates nutrient-rich
digestates that may be used as agricultural fertilizers, supporting
circular bioeconomy strategies [151].

Seaweeds have also been investigated as substrates for biohydrogen
production through dark fermentation, photo-fermentation,
and other biological conversion technologies [152]. Hydrogen is
considered one of the most promising future energy carriers because
its combustion produces water as the primary by-product. Although
commercial-scale seaweed-based hydrogen production remains at an
early stage of development, ongoing research continues to improve
production efficiencies and technological feasibility [153].

More recently, seaweed biomass has attracted interest as a raw
material for the production of Sustainable Aviation Fuels (SAFs)
[154]. Advanced thermochemical and biochemical conversion
technologies, including hydrothermal liquefaction, pyrolysis,
gasification, and catalytic upgrading, have demonstrated the potential
to convert seaweed-derived biomass into liquid fuels suitable for
aviation applications. These approaches could contribute to reducing
the carbon footprint of the aviation sector while avoiding competition
with food crops and agricultural land [155]. Despite these promising
opportunities, the economic viability of seaweed-based bioenergy
remains a significant challenge. Large-scale cultivation, harvesting,
transportation, biomass processing, and conversion technologies
often involve substantial costs that currently limit commercial
competitiveness relative to conventional fossil fuels and some
terrestrial bioenergy feedstocks [156]. Additional challenges include
seasonal variations in biomass composition, logistics associated with
offshore production systems, and the need for improved processing
efficiencies [157].

Nevertheless, continued advances in cultivation technologies,
bioreﬁnery concepts, strain improvement, and biomass conversion
processes are expected to enhance the feasibility of seaweed-derived
biofuels. Increasing integration of bioenergy production with the
extraction of high-value compounds may further improve economic
performance by maximizing biomass utilization. Consequently,
seaweed-based bioenergy is increasingly viewed as a promising
component of future renewable energy portfolios and sustainable

blue-economy strategies aimed at reducing dependence on fossil
resources and mitigating climate change [158].

Challenges Facing Seaweed Aquaculture

Despiteitsrapid growth and substantial contribution to global food
systems and the blue economy, seaweed aquaculture faces numerous
biological, environmental, technological,
challenges. These constraints can influence productivity, profitability,
environmental sustainability, and the long-term resilience of farming
operations. Among the most significant challenges, climate change
has emerged as a major threat to both wild and cultivated seaweed
resources worldwide [8].

and socioeconomic

Climate change

Climate change is increasingly affecting marine ecosystems and
is expected to have profound implications for seaweed aquaculture.
Rising greenhouse gas concentrations are altering oceanographic
conditions, creating environmental stressors that can negatively
impact seaweed growth, reproduction, physiological performance,
and survival. The effects of climate change vary among species and
regions, but many commercially important seaweeds are already
experiencing increased environmental pressure [159, 160]. One
of the most important challenges is ocean warming. Seaweeds
possess species-specific temperature ranges for optimal growth,
and prolonged exposure to elevated temperatures can reduce
photosynthetic efficiency, impair reproductive success, and increase
susceptibility to disease. Several commercially cultivated species,
particularly temperate kelps such as Saccharina latissima, Saccharina
japonica, and Macrocystis pyrifera, are considered especially
vulnerable to rising seawater temperatures [161].

The increasing frequency and intensity of marine heatwaves
represent an additional threat. These extreme temperature events can
cause rapid declines in seaweed biomass, trigger large-scale mortality
events, and disrupt cultivation cycles. Marine heatwaves have been
associated with significant losses of natural kelp forests and cultivated
seaweed stocks in several regions, highlighting their potential
economic consequences for aquaculture producers [162]. Ocean
acidification, resulting from the absorption of atmospheric carbon
dioxide by seawater, can also influence seaweed cultivation. Although
some seaweed species may benefit from increased carbon availability
for photosynthesis, acidification can alter nutrient dynamics, species
interactions, and ecosystem processes [163]. Furthermore, changes
in seawater chemistry may indirectly affect seaweed production by
impacting associated organisms, including shellfish and other species
commonly cultivated in integrated aquaculture systems [164].

Another major concern is the increasing occurrence of extreme
weather events, including storms, cyclones, flooding, and unusually
strong wave conditions. Such events can damage cultivation
infrastructure, dislodge seaweed biomass, interfere with harvesting
schedules, and increase operational costs. Offshore and nearshore
farms are particularly vulnerable to physical damage resulting
from severe weather, which may lead to substantial crop losses and
economic uncertainty [165]. Climate-related environmental changes
may also facilitate the spread of pests, pathogens, and invasive species
[166]. Shifts in temperature and ocean circulation patterns can alter
species distributions, potentially increasing disease outbreaks and
creating new management challenges for the aquaculture industry. In
addition, fluctuations in nutrient availability and water quality may
further affect seaweed productivity and biomass composition [167].
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Toaddress these challenges, researchers and industry stakeholders
are increasingly focusing on the development of climate-resilient
cultivation strategies. These include selective breeding programs for
stress-tolerant strains, diversification of cultivated species, improved
farm design, offshore expansion, and the application of advanced
monitoring technologies [72]. Continued investment in research,
adaptation measures, and sustainable management practices will
be essential to maintain productivity and support the long-term
resilience of global seaweed aquaculture under changing climatic
conditions [168].

Diseases and biofouling

Diseases and biofouling represent some of the most significant
biological constraints affecting seaweed aquaculture worldwide.
These factors can reduce growth rates, compromise biomass quality,
increase production costs, and lead to substantial economic losses. The
prevalence and severity of disease outbreaks and fouling organisms
are often influenced by environmental conditions, cultivation
density, water quality, and climate-related stressors. As the global
seaweed industry continues to expand, effective management of
these challenges has become increasingly important for maintaining
production efficiency and sustainability [169].

One of the most common problems encountered in seaweed
farms is epiphyte proliferation. Epiphytes, which include filamentous
algae, microalgae, and sessile invertebrates growing on seaweed
surfaces, compete with cultivated seaweeds for light, nutrients,
and space. Excessive epiphytic growth can reduce photosynthetic
efficiency, impair nutrient uptake, decrease biomass quality, and
complicate harvesting and processing operations. The problem is
particularly severe in nutrient-rich waters and during periods of
elevated temperatures [170].

Pathogenic bacteria can also significantly affect seaweed health
and productivity. Bacterial infections may cause tissue degradation,
discoloration, reduced growth, and deterioration of commercial
quality [171]. Environmental stressors such as high temperatures,
salinity fluctuations, and poor water quality often increase the
susceptibility of seaweeds to bacterial diseases. Understanding
host-microbe interactions and maintaining favorable cultivation
conditions are therefore critical components of disease management
[172].

Another important challenge arises from grazing organisms,
including herbivorous fish, sea urchins, gastropods, amphipods,
and other marine invertebrates that consume cultivated seaweeds.
Grazing pressure can substantially reduce biomass yields and, in
severe cases, cause complete crop loss. The impact of grazers varies
among cultivation systems and geographic regions, often requiring
the implementation of protective measures such as netting, strategic
farm placement, or integrated management approaches [173].

Among the most economically important seaweed diseases is
ice-ice disease, which primarily affects carrageenophytes such as
Kappaphycus alvarezii and Eucheuma denticulatum. This disease is
characterized by whitening and necrosis of thallus tissues, followed
by branch breakage and biomass loss. Ice-ice disease is generally
associated with environmental stress, including elevated temperatures,
salinity fluctuations, excessive irradiance, and nutrient imbalances,
which weaken the algae and increase susceptibility to opportunistic
bacterial colonization. The disease has caused significant production
losses in major carrageenan-producing regions and remains a major

concern for the global carrageenophyte industry [174]. Management
strategies for diseases and biofouling include the selection of
resistant strains, optimization of cultivation density, maintenance
of good water circulation, regular cleaning of cultivation structures,
implementation of biosecurity measures, and continuous monitoring
of environmental conditions. Advances in molecular diagnostics,
microbiome research, and selective breeding programs are also
contributing to the development of more resilient seaweed cultivars
capable of withstanding biological and environmental stressors [175].

As seaweed aquaculture continues to intensify and expand into
new regions, effective disease prevention and biofouling management
will be essential for ensuring stable production, maintaining product
quality, and supporting the long-term sustainability of the industry
[19].

Genetic erosion

Genetic diversity is a fundamental factor determining the
resilience, adaptability, and long-term sustainability of cultivated
seaweed populations. However, the increasing reliance on a limited
number of high-performing strains and the widespread use of
vegetative propagation techniques have raised concerns regarding
genetic erosion within commercial seaweed farming systems. Genetic
erosion refers to the progressive loss of genetic variability within
cultivated populations, potentially reducing their capacity to adapt
to changing environmental conditions and biological threats [176].

Many commercially important seaweeds, including K. alvarezii,
E. denticulatum, and several Gracilaria species, are propagated
through clonal methods in which fragments of selected individuals
are repeatedly used to establish new cultivation cycles. While this
approach offers advantages such as uniform growth, predictable
biomass quality, and rapid multiplication of desirable strains, long-
term dependence on genetically similar material can significantly
reduce overall genetic diversity [177].

Reduced genetic variability can increase vulnerability to disease
outbreaks, pest infestations, and environmental stressors. Cultivated
populations with narrow genetic bases often possess limited adaptive
capacity, making them more susceptible to emerging pathogens,
temperature fluctuations, salinity changes, marine heatwaves,
and other climate-related disturbances. Historical experiences in
both terrestrial agriculture and aquaculture have demonstrated
that genetically uniform production systems are generally more
vulnerable to large-scale seaweeds crop failures [72]. Genetic erosion
may also reduce productivity over time by limiting opportunities for
natural adaptation and selective improvement. As environmental
conditions continue to change, the availability of diverse genetic
resources becomes increasingly important for breeding programs
aimed at developing cultivars with enhanced growth performance,
disease resistance, stress tolerance, and improved biochemical
composition [178]. To address this challenge, researchers and
industry stakeholders are implementing various strategies to conserve
and enhance genetic diversity in cultivated seaweed stocks. These
include the establishment of germplasm banks, cryopreservation of
reproductive material, periodic introduction of genetically diverse
wild populations into breeding programs, and the development of
molecular tools for genetic monitoring. Selective breeding programs
that incorporate multiple parental lines can further help maintain
diversity while improving commercially desirable traits [179].

Advances in genomics, molecular markers, and population
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genetics are providing new opportunities to assess genetic variation
and guide sustainable breeding practices. These technologies enable
the identification of valuable genetic resources and support the
development of improved cultivars without excessively narrowing
the genetic base of production systems [180]. Maintaining genetic
diversity is essential for ensuring the long-term resilience and
sustainability of the seaweed aquaculture industry. As cultivation
continues to expand globally and environmental pressures intensify,
effective genetic resource management will become increasingly
important for safeguarding productivity, supporting industry growth,
and enhancing the adaptive capacity of cultured seaweed populations
[181].

Regulatory constraints

Regulatory and governance challenges represent significant
barriers to the sustainable expansion of seaweed aquaculture in many
regions of the world. While industry has experienced rapid growth
in several countries, regulatory frameworks have often failed to keep
pace with technological advances and increasing commercial interest.
As a result, producers frequently encounter administrative, legal, and
policy-related obstacles that can delay farm development, increase
operational costs, and discourage investment [182].

One of the most common challenges is the absence of clear
licensing and permitting procedures for seaweed farming. In many
jurisdictions, aquaculture regulations were originally designed for
finfish or shellfish production and may not adequately address the
specific requirements of macroalgal cultivation. Complex approval
processes involving multiple governmental agencies can create
uncertainty for investors and hinder the establishment of new
farming operations [183].

Another important limitation is the lack of comprehensive
environmental guidelines tailored specifically to seaweed aquaculture.
Although seaweed farming is generally regarded as environmentally
sustainable, appropriate environmental assessments are often
required to evaluate potential impacts on biodiversity, water quality,
navigation, fisheries, and coastal ecosystems. In many countries,
insufficient regulatory guidance can lead to inconsistent decision-
making and delays in project implementation [184].

The absence of dedicated seaweed-specific management policies
further complicates industry development. Effective governance
requires clear regulations concerning farm siting, biosecurity, the
introduction of non-native species, genetic resource management,
product certification, harvesting practices, and ecosystem protection.
Without well-defined policies, there is an increased risk of conflicts
among stakeholders, environmental concerns, and uncertainty
regarding long-term industry development [1]. Marine spatial
planning also presents a major challenge. Competition for coastal
and offshore areas among aquaculture, fisheries, tourism, shipping,
renewable energy installations, and conservation programs can
restrict access to suitable cultivation sites. The lack of coordinated
planning frameworks may create conflicts among users and limit
opportunities for industry expansion [185].

International trade regulations and quality standards represent
additional considerations for seaweed producers. Access to global
markets often requires compliance with food safety regulations,
traceability systems, sustainability certifications, and export
requirements that can vary considerably among countries. For
small-scale producers, meeting these regulatory obligations may be

technically and financially challenging [186]. To support sustainable
growth, governments and regulatory agencies are increasingly
recognizing the need for dedicated seaweed aquaculture policies.
Improved licensing procedures,
regulations, standardized monitoring protocols, and integrated
marine spatial planning frameworks can facilitate responsible industry
development while ensuring environmental protection. International
collaboration and harmonization of regulatory standards may further
promote market expansion and encourage investment in the sector
[187].

science-based environmental

As global demand for seaweed-derived products continues
to rise, the establishment of clear, transparent, and adaptive
regulatory frameworks will be essential for supporting innovation,
ensuring environmental sustainability, and fostering the long-term
development of the seaweed aquaculture industry [168].

Economic limitations

Despite the rapid expansion of the seaweed industry and its
considerable potential to contribute to sustainable food production,
environmental management, and bioeconomy, several economic
challenges continue to constrain sector development. These
limitations affect both emerging and established producers and can
influence the profitability, competitiveness, and long-term viability
of seaweed aquaculture operations [188].

One of the most significant economic concerns is market
instability. Prices for seaweed biomass and processed products can
fluctuate substantially in response to changes in global demand,
supply dynamics, product quality, and international trade conditions
[189]. Industries dependent on hydrocolloid production, such as
carrageenan and agar manufacturing, are particularly sensitive to
fluctuations in raw material availability and market prices. Such
volatility can create financial uncertainty for producers and discourage
investment in farm expansion [190]. Infrastructure costs represent
another major challenge, especially for large-scale and offshore
cultivation systems. Significant capital investment may be required
for hatcheries, cultivation structures, mooring systems, vessels,
harvesting equipment, storage facilities, and processing plants. In
many developing regions, limited access to financial resources and
investment capital can restrict the adoption of modern technologies
and impede industry growth [191].

The seaweed industry also remains highly dependent on labor-
intensive operations. Activities such as seed production, farm
installation, maintenance, monitoring, harvesting, cleaning, and post-
harvest handling often require substantial manual labor. Labor costs
can therefore represent a significant portion of production expenses,
particularly in regions experiencing rising wages or labor shortages.
The seasonal nature of production in some areas may further
complicate workforce management and operational planning [192].
Another important limitation is insufficient processing capacity.
While global seaweed production continues to increase, processing
infrastructure has not always expanded at the same pace. Inadequate
facilities for drying, storage, extraction, refinement, and product
manufacturing can reduce product quality, increase post-harvest
losses, and limit opportunities for value addition. As a result, many
producers remain dependent on the sale of low-value raw biomass
rather than higher-value processed products [193]. Logistical and
supply-chain challenges may further affect profitability, especially in
remote coastal and island regions where transportation costs are high
and access to markets is limited. The lack of cold-chain infrastructure,
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efficient distribution networks, and reliable processing facilities can
reduce competitiveness and constrain market development [194].

To overcome these economic barriers, greater investment is
needed in processing technologies, mechanization, infrastructure
development, and product diversification. The adoption of integrated
biorefinery approaches, in which multiple high-value products are
extracted from the same biomass stream, may improve economic
performance and enhance resource efficiency. Government support
programs, public-private partnerships, and improved access to
financing can also facilitate industry expansion and technological
innovation [195].

As demand for sustainable marine resources continues to grow,
addressing these economic limitations will be essential for unlocking
the full potential of seaweed aquaculture. Improvements in processing
capacity, market development, technological efficiency, and value-
added product generation are likely to play a critical role in ensuring
the long-term economic sustainability and global competitiveness of
the seaweed industry [196].

Emerging and Future

Perspectives

Technologies

The future of seaweed aquaculture will be strongly influenced
by advances in biotechnology, engineering, digital technologies,
and sustainable production systems. As global demand for seaweed-
derived products continues to increase, the industry must improve
productivity, resilience, resource efficiency, and environmental
sustainability. Emerging technologies are expected to play a central
role in overcoming current limitations while supporting the
expansion of seaweed cultivation into new geographic regions and
markets [197].

Selective breeding

Selective breeding programs are becoming increasingly
important for the improvement of commercially cultivated seaweeds.
Historically, many seaweed farming operations relied on wild-
collected propagules or vegetative propagation from locally available
stocks. While these approaches have supported industry growth, they

often provide limited opportunities for genetic improvement [15].

Modern breeding programs seek to develop superior cultivars with
characteristics that enhance both productivity and crop resilience.
Key breeding objectives include faster growth rates, increased biomass
yields, improved tolerance to environmental stressors, enhanced
resistance to diseases and biofouling, and optimized biochemical
composition for specific industrial applications. For example,
breeding efforts are increasingly targeting higher concentrations of
proteins, hydrocolloids, bioactive compounds, and other valuable
metabolites [198].

As climate change continues to affect marine environments,
selective breeding will become increasingly important for generating
strains capable of maintaining productivity under
temperatures, variable salinity conditions, and other environmental
challenges [199].

elevated

Genomics and precision aquaculture

Recent advances in genomics, precision aquaculture, offshore
automation, and circular bioeconomy approaches are reshaping the
seaweed sector. High-throughput sequencing, molecular markers,
and bioinformatics tools are accelerating breeding programs through

marker-assisted selection, while supporting genetic conservation
and sustainable resource management. At the same time, precision
aquaculture technologies, including artificial intelligence, remote
sensing, drones, and Internet of Things (IoT) systems, enable
real-time environmental monitoring, predictive analytics, and
optimized farm management. As cultivation expands into offshore
environments, automated monitoring platforms, robotic systems,
Autonomous Underwater Vehicles (AUVs), and Remotely Operated
Vehicles (ROVs) are improving operational efficiency, safety, and
the economic feasibility of large-scale farms. In parallel, seaweed
biorefineries are promoting a circular bioeconomy by maximizing
biomass utilization through the sequential extraction of high-value
compounds and the conversion of residual biomass into biofertilizers,
feed, and bioenergy products. Together, these innovations are
expected to enhance productivity, resilience, and sustainability,
reinforcing the role of seaweed aquaculture as a key contributor to
food security, human health, renewable materials, and the emerging
blue bioeconomy [200].

Conclusions

Seaweed aquaculture has emerged as one of the fastest-growing and
most promising sectors of global aquaculture, playing an increasingly
important role in sustainable food production, environmental
management, and the development of the blue economy. The
cultivation of marine macroalgae offers a unique combination of
economic, environmental, and social benefits, distinguishing it
from many other forms of agriculture and aquaculture. Seaweeds
provide a renewable source of food, feed ingredients, hydrocolloids,
pharmaceuticals, biomaterials, and bioenergy
feedstocks, while simultaneously delivering valuable ecosystem
services such as nutrient removal, carbon uptake, habitat provision,
and biodiversity enhancement.

nutraceuticals,

The rapid expansion of seaweed farming has been driven by
advances in cultivation technologies, hatchery development, selective
breeding, and processing systems. Modern production methods,
including longline, raft, bottom, nearshore, and offshore cultivation
systems, have enabled substantial increases in biomass production
across diverse geographic regions. Furthermore, the integration of
seaweeds into multi-trophic aquaculture systems has demonstrated
significant potential for improving resource efficiency and reducing
the environmental impacts of intensive aquaculture.

Despite these achievements, several challenges continue to
constrain the sustainable growth of the industry. Climate change,
disease outbreaks, biofouling, genetic erosion, regulatory limitations,
and economic barriers remain important concerns that require
continued scientific attention and adaptive management. Addressing
these challenges will require coordinated efforts among researchers,
industry stakeholders, governments, and international organizations
to promote innovation, strengthen governance frameworks, and
improve production resilience.

Future progress in seaweed aquaculture will depend on
the successful application of emerging technologies, including
genomics, molecular breeding, artificial intelligence, remote sensing,
automation, and precision aquaculture. These innovations have the
potential to improve productivity, enhance crop resilience, optimize
farm management, and support the development of climate-
adaptive cultivation strategies. Simultaneously, advances in seaweed
biorefinery technologies will facilitate the complete utilization of
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biomass, enabling the production of multiple high-value products
within circular bioeconomy frameworks.

The growing recognition of seaweeds as strategic marine
resources positions the industry at the intersection of food security,
environmental sustainability, renewable materials, and climate action.
As global populations continue to increase and pressure on terrestrial
resources intensifies, seaweed cultivation offers a viable pathway
for expanding biomass production without increasing demands on
freshwater resources or arable land. Moreover, its contribution to
ecosystem restoration and sustainable coastal development aligns
closely with international sustainability goals and blue-economy
initiatives.

Ultimately, the future of seaweed aquaculture will depend on
continued interdisciplinary research, technological innovation,
effective policy development, and international collaboration. With
appropriate investment and sustainable management, seaweed
farming has the potential to become a cornerstone of future marine-
based economies, contributing to resilient food systems, renewable
bioproduct industries, and healthier coastal ecosystems in an
increasingly resource-constrained world.

Funding

This research received no external funding.
Conflicts of Interest

The authors declare no conflicts of interest.
Acknowledgments

The author thanks the FCT - Foundation for Science and
Technology, I.P., in the structure of Project UIDB/04004/2025 -
Centre for Functional Ecology - Science for the People & the Planet.

References

1. Subasinghe R, Soto D, Jia J. Global aquaculture and its role in sustainable
development. Reviews in Aquaculture. 2009; 1: 2-9.

2. Matos J, Cardoso C, Serralheiro ML, Bandarra NM, Afonso C. Seaweed
bioactives potential as nutraceuticals and functional ingredients: A
review. ] Food Comp Anal. 2024; 133: 106453.

3. Koch SJI, Rivera MA, Ciravegna E, Chatterton J, Sim S, van den Burg
SWK. Enhancing the beneficial environmental impacts of seaweed
cultivation: what do we understand about best practices? ] Appl Phycol.
2026; 38(2): 1381-1395.

4. Prasad Behera D, Vadodariya V, Veeragurunathan V, Sigamani S,
Moovendhan M, Srinivasan R, et al. Seaweeds cultivation methods and
their role in climate mitigation and environmental cleanup. Total Environ
Res Themes. 2022; 3: 100016.

5. Nguyen PT, Phan PL, Nguyen HT, Nguyen HT. Sustainable seaweed
aquaculture development in the Mekong Delta under climate change.
Discov Environ. 2026; 4(1): 530.

6. van den Burg SWK, Koch SJI, Poelman M, Veraart J, Selnes T, Foekema
EM, et al. Seaweed as climate mitigation solution: Categorizing and
reflecting on four climate mitigation pathways. WIREs Climate Change.
2024; 15(2): e868.

7. Yue GH, Bai Z, Xia J, Astuti RT, Geletu TT, Rhode C, et al. Toward
sustainable aquaculture: Integrating technology, governance, and food
security. Aquacult Fisheries. 2026.

8. Garcia-Poza S, Leandro A, Cotas C, Cotas J, Marques JC, Pereira L, et al.
The Evolution Road of Seaweed Aquaculture: Cultivation Technologies
and the Industry 4.0. Int ] Environ Res Public Health. 2020; 17(18): 6528.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Zhang L, Liao W, Huang Y, Wen Y, Chu Y, Zhao C. Global seaweed
farming and processing in the past 20 years. Food Product Process Nutr.
2022; 4(1): 23.

Wang X, Yao J, Zhang J, Duan D. Status of genetic studies and breeding of
Saccharina japonica in China. ] Oceanol Limnol. 2020; 38(4): 1064-1079.

Hurtado AQ, Neish IC, Critchley AT. Phyconomy: the extensive
cultivation of seaweeds, their sustainability and economic value, with
particular reference to important lessons to be learned and transferred
from the practice of eucheumatoid farming. Phycologia. 2019; 58(5): 472-
483.

Hayashi L, Reis R, Santos A, Castelar B, Robledo D, Vega G, et al. The
Cultivation of Kappaphycus and Eucheuma in Tropical and Sub-Tropical
Waters. 2017.

Pandya Y, Bakshi M, Sharma A. Agar-agar extraction, structural
properties and applications: A review. Pharm Innovat J. 2022; 11: 1151-
1157.

El-Beltagi HS, Mohamed AA, Mohamed HI, Ramadan KMA, Barqawi
AA, Mansour AT. Phytochemical and Potential Properties of Seaweeds
and Their Recent Applications: A Review. Marine Drugs. 2022; 20(6): 342.

Khan N, Sudhakar K, Mamat R. Eco-friendly nutrient from ocean:
Exploring Ulva seaweed potential as a sustainable food source. ] Agric
Food Res. 2024; 17: 101239.

Hasselstrom L, Visch W, Grondahl F, Nylund GM, Pavia H. The impact
of seaweed cultivation on ecosystem services - a case study from the west
coast of Sweden. Mar Pollut Bull. 2018; 133: 53-64.

Aleman AE, Robledo D, Hayashi L. Development of seaweed cultivation
in Latin America: current trends and future prospects. Phycologia. 2019;
58(5): 462-471.

Augyte S, Kim ], Yarish C. Seaweed aquaculture—From historic trends to
current innovation. ] World Aquacult Soc. 2021; 52: 1004-1008.

Rahman MY, Ali MR, Tanim SH-A-B, Khan MM, Asaduzzaman M.
Global advances in indoor seaweed production systems: Scalability
challenges and deployment pathways for the blue economy of Bangladesh.
J Aquatic Plants. 2026; 2: 100020.

Benita S, Subbiah K, Periyasamy S. Recent progress in seaweed valorization
for sustainable applications. Discov Sustain. 2025; 6(1): 1174.

Rath S, Sahoo SS, Samantaray A, Parhi P, Sahoo CR, Thatoi H. Commercial
importance of seaweeds: an overview. Bioresour Bioprocess. 2025; 12(1):
119.

Seaweeds Market

Elango AC, Sankaranarayanan M, Ganapathy NRV. Seaweed bioactives:
A comprehensive review of their nutritional, medicinal, and functional
roles. iScience. 2026; 29(5): 115647.

Alvarez-Vifias M, Florez-Fernandez N, Torres MD, Dominguez H.
Successful Approaches for a Red Seaweed Biorefinery. Mar Drugs. 2019;
17(11): 620.

Hofmann LC, Strauss S, Shpigel M, Guttman L, Stengel DB, Rebours C,
et al. The green seaweed Ulva: tomorrow’s “wheat of the sea” in foods,
feeds, nutrition, and biomaterials. Crit Rev Food Sci Nutr. 2025; 65(19):
3728-3763.

Cai J, Lovatelli A, Aguilar-Manjarrez J, Cornish L, Dabbadie L,
Desrochers A, Diffey S, et al. Seaweeds and Microalgae: An Overview for
Unlocking Their Potential in Global Aquaculture Development. Food and
Agriculture Organization of the United Nations. 2021.

Hurtado AQ. Genetic Resources for Farmed Seaweeds. FAO Thematic
Background Study. FAO. 2022.

Kim JK, Yarish C, Hwang EK, Park M, Kim Y. Seaweed Aquaculture:
Cultivation Technologies, Challenges and Its Ecosystem Services. Algae.

WebLog Open Access Publications

wjaq.2026.k1205


http://www.weblogoa.com
file:///F:/Weblog/WJT_9024/V1/I/10.1111/j.1753-5131.2008.01002.x.
file:///F:/Weblog/WJT_9024/V1/I/10.1111/j.1753-5131.2008.01002.x.
https://www.google.com/goto?url=CAESgAEBxCJF14dWfXiB7bUul-hJHOQm8frxAlOfiD0neH6YEBmFpeHFh8ji4unwTG5kKU7l3mYHyEucuUmMY5LpUSXNnnw5TigJn3VAFRZVP3Chldm4ZKkSoIx2xqK6ks142tmcCZgNzGtE_xG9Uy3MjbhwJFMEBbgy1ETeTnzIU__6SA&gsessionid=2Su9ZvvV2_KSHMd6Okzff1_1QSYqvSu2gFgwXaMF8BJjWiHM_-pxZQ
https://www.google.com/goto?url=CAESgAEBxCJF14dWfXiB7bUul-hJHOQm8frxAlOfiD0neH6YEBmFpeHFh8ji4unwTG5kKU7l3mYHyEucuUmMY5LpUSXNnnw5TigJn3VAFRZVP3Chldm4ZKkSoIx2xqK6ks142tmcCZgNzGtE_xG9Uy3MjbhwJFMEBbgy1ETeTnzIU__6SA&gsessionid=2Su9ZvvV2_KSHMd6Okzff1_1QSYqvSu2gFgwXaMF8BJjWiHM_-pxZQ
https://www.google.com/goto?url=CAESgAEBxCJF14dWfXiB7bUul-hJHOQm8frxAlOfiD0neH6YEBmFpeHFh8ji4unwTG5kKU7l3mYHyEucuUmMY5LpUSXNnnw5TigJn3VAFRZVP3Chldm4ZKkSoIx2xqK6ks142tmcCZgNzGtE_xG9Uy3MjbhwJFMEBbgy1ETeTnzIU__6SA&gsessionid=2Su9ZvvV2_KSHMd6Okzff1_1QSYqvSu2gFgwXaMF8BJjWiHM_-pxZQ
file:///F:/Weblog/WJT_9024/V1/I/10.1007/s10811-026-03822-y
file:///F:/Weblog/WJT_9024/V1/I/10.1007/s10811-026-03822-y
file:///F:/Weblog/WJT_9024/V1/I/10.1007/s10811-026-03822-y
file:///F:/Weblog/WJT_9024/V1/I/10.1007/s10811-026-03822-y
https://doi.org/10.1016/j.totert.2022.100016
https://doi.org/10.1016/j.totert.2022.100016
https://doi.org/10.1016/j.totert.2022.100016
https://doi.org/10.1016/j.totert.2022.100016
file:///F:/Weblog/WJT_9024/V1/I/10.1007/s44274-026-01089-1.
file:///F:/Weblog/WJT_9024/V1/I/10.1007/s44274-026-01089-1.
file:///F:/Weblog/WJT_9024/V1/I/10.1007/s44274-026-01089-1.
https://wires.onlinelibrary.wiley.com/doi/10.1002/wcc.868
https://wires.onlinelibrary.wiley.com/doi/10.1002/wcc.868
https://wires.onlinelibrary.wiley.com/doi/10.1002/wcc.868
https://wires.onlinelibrary.wiley.com/doi/10.1002/wcc.868
https://doi.org/10.1016/j.aaf.2026.06.007.
https://doi.org/10.1016/j.aaf.2026.06.007.
https://doi.org/10.1016/j.aaf.2026.06.007.
https://pubmed.ncbi.nlm.nih.gov/32911710/
https://pubmed.ncbi.nlm.nih.gov/32911710/
https://pubmed.ncbi.nlm.nih.gov/32911710/
https://link.springer.com/article/10.1186/s43014-022-00103-2
https://link.springer.com/article/10.1186/s43014-022-00103-2
https://link.springer.com/article/10.1186/s43014-022-00103-2
https://doi.org/10.1007/s00343-020-0070-1
https://doi.org/10.1007/s00343-020-0070-1
https://doi.org/10.1080/00318884.2019.1625632
https://doi.org/10.1080/00318884.2019.1625632
https://doi.org/10.1080/00318884.2019.1625632
https://doi.org/10.1080/00318884.2019.1625632
https://doi.org/10.1080/00318884.2019.1625632
https://www.researchgate.net/publication/320421437_The_Cultivation_of_Kappaphycus_and_Eucheuma_in_Tropical_and_Sub-Tropical_Waters
https://www.researchgate.net/publication/320421437_The_Cultivation_of_Kappaphycus_and_Eucheuma_in_Tropical_and_Sub-Tropical_Waters
https://www.researchgate.net/publication/320421437_The_Cultivation_of_Kappaphycus_and_Eucheuma_in_Tropical_and_Sub-Tropical_Waters
https://www.researchgate.net/publication/361254986_Agar-agar_extraction_structural_properties_and_applications_A_review
https://www.researchgate.net/publication/361254986_Agar-agar_extraction_structural_properties_and_applications_A_review
https://www.researchgate.net/publication/361254986_Agar-agar_extraction_structural_properties_and_applications_A_review
https://pmc.ncbi.nlm.nih.gov/articles/PMC9227187/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9227187/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9227187/
https://www.sciencedirect.com/science/article/pii/S266615432400276X
https://www.sciencedirect.com/science/article/pii/S266615432400276X
https://www.sciencedirect.com/science/article/pii/S266615432400276X
https://pubmed.ncbi.nlm.nih.gov/30041346/
https://pubmed.ncbi.nlm.nih.gov/30041346/
https://pubmed.ncbi.nlm.nih.gov/30041346/
https://doi.org/10.1080/00318884.2019.1640996
https://doi.org/10.1080/00318884.2019.1640996
https://doi.org/10.1080/00318884.2019.1640996
https://www.researchgate.net/publication/355359479_Seaweed_aquaculture-From_historic_trends_to_current_innovation
https://www.researchgate.net/publication/355359479_Seaweed_aquaculture-From_historic_trends_to_current_innovation
https://doi.org/10.1016/j.jap.2026.100020
https://doi.org/10.1016/j.jap.2026.100020
https://doi.org/10.1016/j.jap.2026.100020
https://doi.org/10.1016/j.jap.2026.100020
https://doi.org/10.1007/s43621-025-01979-z
https://doi.org/10.1007/s43621-025-01979-z
https://pubmed.ncbi.nlm.nih.gov/41144161/
https://pubmed.ncbi.nlm.nih.gov/41144161/
https://pubmed.ncbi.nlm.nih.gov/41144161/
https://www.futuremarketinsights.com/reports/seaweeds-market
https://pubmed.ncbi.nlm.nih.gov/42095085/
https://pubmed.ncbi.nlm.nih.gov/42095085/
https://pubmed.ncbi.nlm.nih.gov/42095085/
file:///F:/Weblog/WJT_9024/V1/I/PubMed PMID:  https:/doi.org/10.3390/md17110620
file:///F:/Weblog/WJT_9024/V1/I/PubMed PMID:  https:/doi.org/10.3390/md17110620
file:///F:/Weblog/WJT_9024/V1/I/PubMed PMID:  https:/doi.org/10.3390/md17110620
https://www.google.com/goto?url=CAESfwHEIkXXhl1N7RdiUN0Y6oq1VEETtzjrE2_9DJ2w43SFzwMR9DkYTcxlR0XKWSNRCps8HdMzu_LlL1lAjdHPGk6ts4I5QL2RtodHfHbZKTaLvEU3XAGUMWBCVzTPamGvwunus9TC3s7ocBENwwWzTo_SHdPA46vFgh_eLyafNiY&gsessionid=6kL2kd2mHMXRdaOmdXoIznimpM9_nZDLJE1-Ms-JXGuNMUqDHuDrDw
https://www.google.com/goto?url=CAESfwHEIkXXhl1N7RdiUN0Y6oq1VEETtzjrE2_9DJ2w43SFzwMR9DkYTcxlR0XKWSNRCps8HdMzu_LlL1lAjdHPGk6ts4I5QL2RtodHfHbZKTaLvEU3XAGUMWBCVzTPamGvwunus9TC3s7ocBENwwWzTo_SHdPA46vFgh_eLyafNiY&gsessionid=6kL2kd2mHMXRdaOmdXoIznimpM9_nZDLJE1-Ms-JXGuNMUqDHuDrDw
https://www.google.com/goto?url=CAESfwHEIkXXhl1N7RdiUN0Y6oq1VEETtzjrE2_9DJ2w43SFzwMR9DkYTcxlR0XKWSNRCps8HdMzu_LlL1lAjdHPGk6ts4I5QL2RtodHfHbZKTaLvEU3XAGUMWBCVzTPamGvwunus9TC3s7ocBENwwWzTo_SHdPA46vFgh_eLyafNiY&gsessionid=6kL2kd2mHMXRdaOmdXoIznimpM9_nZDLJE1-Ms-JXGuNMUqDHuDrDw
https://www.google.com/goto?url=CAESfwHEIkXXhl1N7RdiUN0Y6oq1VEETtzjrE2_9DJ2w43SFzwMR9DkYTcxlR0XKWSNRCps8HdMzu_LlL1lAjdHPGk6ts4I5QL2RtodHfHbZKTaLvEU3XAGUMWBCVzTPamGvwunus9TC3s7ocBENwwWzTo_SHdPA46vFgh_eLyafNiY&gsessionid=6kL2kd2mHMXRdaOmdXoIznimpM9_nZDLJE1-Ms-JXGuNMUqDHuDrDw
https://archimer.ifremer.fr/doc/00705/81738/
https://archimer.ifremer.fr/doc/00705/81738/
https://archimer.ifremer.fr/doc/00705/81738/
https://archimer.ifremer.fr/doc/00705/81738/
https://www.google.com/goto?url=CAESfwHEIkXXiX_a3UrQ0WV582Vpf6n3Ebb-1dZw8KLlRcXwPS_GCRCnNGGi0fMeT2n8O6_PCq40d2LdfuU04OTV4Tt_byEsyo0Qcfqx0KKnK_A3xV6f6aJvcQZoUb_XR6OoZ8gQaBSpzvJNYAFytLuYN0Raq2ugXoqcibsJKE7y-9A&gsessionid=2P1NPJ4emTjsty4i9nazaXPIuxqAFAnmN-_DWdEiOEDCFPz5TsNoiw
https://www.google.com/goto?url=CAESfwHEIkXXiX_a3UrQ0WV582Vpf6n3Ebb-1dZw8KLlRcXwPS_GCRCnNGGi0fMeT2n8O6_PCq40d2LdfuU04OTV4Tt_byEsyo0Qcfqx0KKnK_A3xV6f6aJvcQZoUb_XR6OoZ8gQaBSpzvJNYAFytLuYN0Raq2ugXoqcibsJKE7y-9A&gsessionid=2P1NPJ4emTjsty4i9nazaXPIuxqAFAnmN-_DWdEiOEDCFPz5TsNoiw
https://www.google.com/goto?url=CAEScQHEIkXXIYU82Asv0yPTvJAB4z7MAc19EQoaW92Gycl8Br2JAuJE3SrWTkclkWKm4-eLsXyOER7yWrp7tKEbBZvejGytiRmgFUFYxuUCjgq7lhPX130ALDXhTJeaoJGuHpbta0RBi6JShI-Ra0kZWrlF&gsessionid=qfrssUAa6NdYNPCJaqHuR3KV_kJn5X4JX7Oe0cnztCqZARTvIceXWw
https://www.google.com/goto?url=CAEScQHEIkXXIYU82Asv0yPTvJAB4z7MAc19EQoaW92Gycl8Br2JAuJE3SrWTkclkWKm4-eLsXyOER7yWrp7tKEbBZvejGytiRmgFUFYxuUCjgq7lhPX130ALDXhTJeaoJGuHpbta0RBi6JShI-Ra0kZWrlF&gsessionid=qfrssUAa6NdYNPCJaqHuR3KV_kJn5X4JX7Oe0cnztCqZARTvIceXWw

Leonel Pereira

WebLog Journal of Aquaculture

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

2017; 32(1): 1-13.

Rabhi ML, Derbak L, Bendif H, Boufahja F, Abu-Elsaoud AM, Garzoli
S. Seaweed-derived biostimulants for sustainable crop production: A
review. ] Biotechnol. 2025; 408: 201-216.

Chopin T, Cooper JA, Reid G, Cross S, Moore C. Open-water integrated
multi-trophic aquaculture: environmental biomitigation and economic
diversification of fed aquaculture by extractive aquaculture. Rev Aquacult.
2012; 4(4): 209-220.

Tariq TB, Karishma, Umer M, Mubeen ur R. The potential of seaweed-
derived polysaccharides as sustainable biostimulants in agriculture. Int J
Biol Macromol. 2025; 298: 140009.

Kamleshbhai B, Joshi N, Tiwari A, Shaji S. Seaweed - Classification,
Source and Uses. 2022; 02: 54-57.

Can B, Sanlier N. Secret heroes of the sea: brown macroalgae and their
bioactive powers—a narrative review. Front Nutr. 2026; 13: 1766041.

Khammassi H, Bouaziz T, Dammak M, Dubesay P, Pierre G, Michaud
P, et al. Brown Algae-Derived Polysaccharides: From Sustainable
Bioprocessing to Industrial Applications. Polysaccharides. 2026; 7(1): 10.

Purcell-Meyerink D, Packer MA, Wheeler TT, Hayes M. Aquaculture
Production of the Brown Seaweeds Laminaria digitata and Macrocystis
pyrifera: Applications in Food and Pharmaceuticals. Molecules. 2021;
26(5): 1306.

Sun Y, Zhou Y, Wang M, Ebrahimi F, Arshad MS, Barrow CJ, et al. Red
Seaweed-Derived Phycobiliproteins: Marine Bioactive Colorants with
Functional Health Properties. Mar Drugs. 2026; 24(7): 246.

Ali MQ, Azhar MA, Munaim MSA, Ruslan NF, Alsubhi LM, Ahmad N, et
al. Seaweed organic compounds source of hydrocolloids and sustainable
food packaging: properties, application, and future direction. Discov
Food. 2024; 4(1): 101.

Deng Y, Tian C, Yang L-E, Zhang T, Zhou W, Hu C. Evaluation of
Key Economic Traits in a Green Mutant of Neopyropia yezoensis: A
Promising Candidate for Commercial Cultivation with Superior Umami
Taste. Foods. 2026; 15(19): 3372.

Chen Y, Jiang Y, Liu L. Red algal polysaccharides: from extraction
and structural characterization to bioactivity and structure-activity
relationships—A comprehensive review. Result Chem. 2026.

Das BD, Bhattarai A. The versatility of algae in addressing the global
sustainability challenges. Front Bioeng Biotechnol. 2025; 13: 1621817.

Xu J, Liao W, Liu Y, Guo Y, Jiang S, Zhao C. An overview on the
nutritional and bioactive components of green seaweeds. Food Prod
Process Nutr. 2023; 5(1): 18.

Stuthmann LE, Du HT, Brix da Costa B, Kunzmann A, Springer K. Sea
grape (Caulerpa lentillifera) aquaculture in Van Phong Bay, Viet Nam:
Evaluation of the post-harvest quality. ] Appl Phycol. 2024; 36(2): 567-
578.

Pereira L. Macroalgae. Encyclopedia. 2021; 1(1): 177-188.

Charrier B, Abreu H, Araujo R, Bruhn A, Coates ], Clerck O, et al.
Furthering knowledge of seaweed growth and development to facilitate
sustainable aquaculture. New Phytol. 2017; 216: 967-975.

John BDM. Alternation of Generations in Algae: Its Complexity,
Maintenance and Evolution. Biol Rev. 1994; 69(3): 275-291.

Coates JC, Umm-E-Aiman, Charrier B. Understanding “green”
multicellularity: do seaweeds hold the key? Front Plant Sci. 2015; 5: 737.

Kraan S, Verges Tramullas A, Guiry MD. The edible brown seaweed
Alaria esculenta (Phaeophyceae, Laminariales): hybridization, growth
and genetic comparisons of six Irish populations. ] Appl Phycol. 2000;
12(6): 577-583.

Garcia-Jiménez P, Robaina RR. On reproduction in red algae: further

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

research needed at the molecular level. Front Plant Sci. 2015; 6: 93.

Krishnamurthy V. The Conchocelis Phase of Three Species of Porphyra in
Culture. ] Phycol. 1969; 5(1): 42-47.

Rajan D, Venkatachalam CD, Sundaravadivelu K, Rajan S, Vigneshwaran
V, Gupta RK. Sustainable applications of carrageenan as a next-
generation biopolymer in intelligent and active food packaging. Sustain
Food Technol. 2026; 4(2): 1290-2315.

Wichard T. Exploring bacteria-induced growth and morphogenesis in the
green macroalga order Ulvales (Chlorophyta). Front Plant Sci. 2015; 6: 86.

Aimi LdA, Menezes MD, de Oliveira CA, Magagnin SG, Horta PA,
Rorig LR, et al. Influence of reproductive cell density of Ulva ohnoi
(Ulvophyceae) in seeded Algal Turf Scrubbers (sATS): biomass yield and
bioremediation implications. ] Appl Phycol. 2026; 38(4): 2867-2878.

Pereira L, Cotas J, Marta Mendes Gongalves A, Mendes M, Hillinger A,
Thle K, et al. Seaweed Aquaculture Importance in Sustainable Economy in
an Era of Climate Change. IntechOpen. 2024.

Jiksing C, Ongkudon MM, Thien VY, Rodrigues KF, Yong WTL. Recent
advances in seaweed seedling production: a review of eucheumatoids and
other valuable seaweeds. Algae. 2022; 37(2): 105-121.

Leakey RRB, Tientcheu Avana M-L, Awazi NP, Assogbadjo AE,
Mabhaudhi T, Hendre PS, et al. The Future of Food: Domestication and
Commercialization of Indigenous Food Crops in Africa over the Third
Decade (2012-2021). Sustainability. 2022; 14(4): 2355.

Brakel ], Sibonga RC, Dumilag RV, Montalescot V, Campbell I, Cottier-
Cook EJ, et al. Exploring, harnessing and conserving marine genetic
resources towards a sustainable seaweed aquaculture. Plants, People,
Planet. 2021; 3(4): 337-349.

Ashkenazi DY, Figueroa FL, Korbee N, Garcia-Sanchez M, Vega ],
Ben-Valid S, et al. Enhancing Bioproducts in Seaweeds via Sustainable
Aquaculture: Antioxidant and Sun-Protection Compounds. Mar Drugs.
2022; 20(12): -767.

Rogers AJ. Aquaculture in the Ancient World: Ecosystem Engineering,
Domesticated Landscapes, and the First Blue Revolution. ] Archaeolog
Res. 2024; 32(3): 427-491.

Mwaka Holeh G, Mees J, Asselman J, Njiru J, Mirera D, Janssen C, et al.
Comparative assessment of the performance and economic feasibility of
seaweed cultivation at different depths along the Kenyan coast. Aquacult
Rep. 2026; 48: 103585.

Duarte Moreno H, Reuter H, Kase A, Teichberg M. Seaweed farming
and land-use impacts on seagrass meadows in the region of Rote Island,
Indonesia. Estuarine Coastal and Shelf Science. 2021; 263: 107635.

Buck BH, Nevejan N, Wille M, Chambers MD, Chopin T. Offshore and
Multi-Use Aquaculture with Extractive Species: Seaweeds and Bivalves.
Springer International Publishing. 2017.

Camus C, Infante ], Buschmann AH. Revisiting the economic profitability
of giant kelp Macrocystis pyrifera (Ochrophyta) cultivation in Chile.
Aquaculture. 2019; 502: 80-86.

Forbord S, Steinhovden K, Red K, Handad A, Skjermo J. Cultivation
protocol for Saccharina latissima. 2018.

Huang C, Nguyen HP, White WL, Wang CM. Engineering Perspectives
on Kelp (Saccharina japonica) Cultivation Structures in China: Nearshore
Practices and Transition to Offshore Environments. ] Mar Sci Eng. 2026;
14(19): 1794.

Chopin T, Robinson S, Troell M, Neori A, Buschmann A, Fang J.
Multitrophic Integration for Sustainable Marine Aquaculture. 2008.

Goseberg N, Chambers M, Haesmann K, Fredriksson D, Fredheim A,
Schlurmann T. Technological Approaches to Longline- and Cage-Based
Aquaculture in Open Ocean Environments. 2017.

WebLog Open Access Publications

wjaq.2026.k1205


http://www.weblogoa.com
https://www.google.com/goto?url=CAEScQHEIkXXIYU82Asv0yPTvJAB4z7MAc19EQoaW92Gycl8Br2JAuJE3SrWTkclkWKm4-eLsXyOER7yWrp7tKEbBZvejGytiRmgFUFYxuUCjgq7lhPX130ALDXhTJeaoJGuHpbta0RBi6JShI-Ra0kZWrlF&gsessionid=qfrssUAa6NdYNPCJaqHuR3KV_kJn5X4JX7Oe0cnztCqZARTvIceXWw
https://www.google.com/goto?url=CAESZgHEIkXXt2k-8j81PSxMJX3YRw-S2qOsLUXh2QQ5L8dnwSRWhbHeXY8VgBff6eqITP8lVZRp-laswb8HWjr71vx2XCjN8t7xtapKecKcOw1d45ONLZYxvFLvotgynqzCg6KzkUHvBQ&gsessionid=gx4ap_l8Qc1sDyOSDlxDoDz62H8WQ9n-d3V4WadA32QVK6Ywug1gCg
https://www.google.com/goto?url=CAESZgHEIkXXt2k-8j81PSxMJX3YRw-S2qOsLUXh2QQ5L8dnwSRWhbHeXY8VgBff6eqITP8lVZRp-laswb8HWjr71vx2XCjN8t7xtapKecKcOw1d45ONLZYxvFLvotgynqzCg6KzkUHvBQ&gsessionid=gx4ap_l8Qc1sDyOSDlxDoDz62H8WQ9n-d3V4WadA32QVK6Ywug1gCg
https://www.google.com/goto?url=CAESZgHEIkXXt2k-8j81PSxMJX3YRw-S2qOsLUXh2QQ5L8dnwSRWhbHeXY8VgBff6eqITP8lVZRp-laswb8HWjr71vx2XCjN8t7xtapKecKcOw1d45ONLZYxvFLvotgynqzCg6KzkUHvBQ&gsessionid=gx4ap_l8Qc1sDyOSDlxDoDz62H8WQ9n-d3V4WadA32QVK6Ywug1gCg
https://www.google.com/goto?url=CAEShQEBxCJF10tUjDZxqE9z2T2nSQVH8IRoGcwyh7F0dRBskQfbaTZ5DsGkN3G7dg0k_pNcvyWLdBW4nn5tfIpi8kUh3GtNZPXyM51Ksdn74XKMAoY6DaSbDlz0OgrGcjAsXdQFPYwW0KFBywS7mxUKLFmQlnGfyxgLc3eOrzfDqCQlcP9P_J4f&gsessionid=MVygeYl_DrJjinHL8xjNbSxxTZOUxgIdM0enCPu9aTgH2BCI_WMqww
https://www.google.com/goto?url=CAEShQEBxCJF10tUjDZxqE9z2T2nSQVH8IRoGcwyh7F0dRBskQfbaTZ5DsGkN3G7dg0k_pNcvyWLdBW4nn5tfIpi8kUh3GtNZPXyM51Ksdn74XKMAoY6DaSbDlz0OgrGcjAsXdQFPYwW0KFBywS7mxUKLFmQlnGfyxgLc3eOrzfDqCQlcP9P_J4f&gsessionid=MVygeYl_DrJjinHL8xjNbSxxTZOUxgIdM0enCPu9aTgH2BCI_WMqww
https://www.google.com/goto?url=CAEShQEBxCJF10tUjDZxqE9z2T2nSQVH8IRoGcwyh7F0dRBskQfbaTZ5DsGkN3G7dg0k_pNcvyWLdBW4nn5tfIpi8kUh3GtNZPXyM51Ksdn74XKMAoY6DaSbDlz0OgrGcjAsXdQFPYwW0KFBywS7mxUKLFmQlnGfyxgLc3eOrzfDqCQlcP9P_J4f&gsessionid=MVygeYl_DrJjinHL8xjNbSxxTZOUxgIdM0enCPu9aTgH2BCI_WMqww
https://www.google.com/goto?url=CAEShQEBxCJF10tUjDZxqE9z2T2nSQVH8IRoGcwyh7F0dRBskQfbaTZ5DsGkN3G7dg0k_pNcvyWLdBW4nn5tfIpi8kUh3GtNZPXyM51Ksdn74XKMAoY6DaSbDlz0OgrGcjAsXdQFPYwW0KFBywS7mxUKLFmQlnGfyxgLc3eOrzfDqCQlcP9P_J4f&gsessionid=MVygeYl_DrJjinHL8xjNbSxxTZOUxgIdM0enCPu9aTgH2BCI_WMqww
https://www.google.com/goto?url=CAESZgHEIkXXk0RJPv3omNzwTXlYqfxofl2REuy6LqR6BxvdaFgMyOrT9stHsULFpBpBWknRSelj4jTxwUxTtjpe0jzDzP9DGtbeiUKMslVEbpQnX3_T-TGtQ9rYJfGZFrCg6VgEF8kRDw&gsessionid=4O9tmNC8zwoRhcvCqiuQ3v66NBBiupiLvRByaj8wn1Sga-nM1tkeTg
https://www.google.com/goto?url=CAESZgHEIkXXk0RJPv3omNzwTXlYqfxofl2REuy6LqR6BxvdaFgMyOrT9stHsULFpBpBWknRSelj4jTxwUxTtjpe0jzDzP9DGtbeiUKMslVEbpQnX3_T-TGtQ9rYJfGZFrCg6VgEF8kRDw&gsessionid=4O9tmNC8zwoRhcvCqiuQ3v66NBBiupiLvRByaj8wn1Sga-nM1tkeTg
https://www.google.com/goto?url=CAESZgHEIkXXk0RJPv3omNzwTXlYqfxofl2REuy6LqR6BxvdaFgMyOrT9stHsULFpBpBWknRSelj4jTxwUxTtjpe0jzDzP9DGtbeiUKMslVEbpQnX3_T-TGtQ9rYJfGZFrCg6VgEF8kRDw&gsessionid=4O9tmNC8zwoRhcvCqiuQ3v66NBBiupiLvRByaj8wn1Sga-nM1tkeTg
https://www.researchgate.net/publication/360311816_SEAWEED_-_CLASSIFICATION_SOURCE_AND_USES
https://www.researchgate.net/publication/360311816_SEAWEED_-_CLASSIFICATION_SOURCE_AND_USES
https://pubmed.ncbi.nlm.nih.gov/41809107/
https://pubmed.ncbi.nlm.nih.gov/41809107/
https://www.mdpi.com/2673-4176/7/1/10
https://www.mdpi.com/2673-4176/7/1/10
https://www.mdpi.com/2673-4176/7/1/10
https://pubmed.ncbi.nlm.nih.gov/33671085/
https://pubmed.ncbi.nlm.nih.gov/33671085/
https://pubmed.ncbi.nlm.nih.gov/33671085/
https://pubmed.ncbi.nlm.nih.gov/33671085/
https://pubmed.ncbi.nlm.nih.gov/42505986/
https://pubmed.ncbi.nlm.nih.gov/42505986/
https://pubmed.ncbi.nlm.nih.gov/42505986/
https://www.google.com/goto?url=CAES7QEBxCJF1yGMBYcPeKJYeQNFa-OK3v7OztdTF-S9GEaYREEJzD44VcKOLeyUCVpK-xxAr8LrEj_1U63gX0IbcytN5VrdjyP5aeRgLcEKNi2K7VsByqST8JQ2Lekru63NVGr9x9Wcr_tzQv4xdLZDTJCReyBLzFYZNTvm_03CNOKXiK90kO7tkNIALpoX4BR41YxDg60tMPXciG1sfoDwv7HilrB3Jujdkh3wZAQNnFsQQKlZjLyWID6dfU6YAC0K1aQfD61w29MQH1QCcMLtzWEFCQo1GujbikvSHsvRKyPX3J6cIyJ24Vh45js_kas&gsessionid=j-K0f8xIqefFqda-7vXDhcjEIF3LKqMpolM421FGMiDO7v8BiKPbSA
https://www.google.com/goto?url=CAES7QEBxCJF1yGMBYcPeKJYeQNFa-OK3v7OztdTF-S9GEaYREEJzD44VcKOLeyUCVpK-xxAr8LrEj_1U63gX0IbcytN5VrdjyP5aeRgLcEKNi2K7VsByqST8JQ2Lekru63NVGr9x9Wcr_tzQv4xdLZDTJCReyBLzFYZNTvm_03CNOKXiK90kO7tkNIALpoX4BR41YxDg60tMPXciG1sfoDwv7HilrB3Jujdkh3wZAQNnFsQQKlZjLyWID6dfU6YAC0K1aQfD61w29MQH1QCcMLtzWEFCQo1GujbikvSHsvRKyPX3J6cIyJ24Vh45js_kas&gsessionid=j-K0f8xIqefFqda-7vXDhcjEIF3LKqMpolM421FGMiDO7v8BiKPbSA
https://www.google.com/goto?url=CAES7QEBxCJF1yGMBYcPeKJYeQNFa-OK3v7OztdTF-S9GEaYREEJzD44VcKOLeyUCVpK-xxAr8LrEj_1U63gX0IbcytN5VrdjyP5aeRgLcEKNi2K7VsByqST8JQ2Lekru63NVGr9x9Wcr_tzQv4xdLZDTJCReyBLzFYZNTvm_03CNOKXiK90kO7tkNIALpoX4BR41YxDg60tMPXciG1sfoDwv7HilrB3Jujdkh3wZAQNnFsQQKlZjLyWID6dfU6YAC0K1aQfD61w29MQH1QCcMLtzWEFCQo1GujbikvSHsvRKyPX3J6cIyJ24Vh45js_kas&gsessionid=j-K0f8xIqefFqda-7vXDhcjEIF3LKqMpolM421FGMiDO7v8BiKPbSA
https://www.google.com/goto?url=CAES7QEBxCJF1yGMBYcPeKJYeQNFa-OK3v7OztdTF-S9GEaYREEJzD44VcKOLeyUCVpK-xxAr8LrEj_1U63gX0IbcytN5VrdjyP5aeRgLcEKNi2K7VsByqST8JQ2Lekru63NVGr9x9Wcr_tzQv4xdLZDTJCReyBLzFYZNTvm_03CNOKXiK90kO7tkNIALpoX4BR41YxDg60tMPXciG1sfoDwv7HilrB3Jujdkh3wZAQNnFsQQKlZjLyWID6dfU6YAC0K1aQfD61w29MQH1QCcMLtzWEFCQo1GujbikvSHsvRKyPX3J6cIyJ24Vh45js_kas&gsessionid=j-K0f8xIqefFqda-7vXDhcjEIF3LKqMpolM421FGMiDO7v8BiKPbSA
https://pubmed.ncbi.nlm.nih.gov/42883479/
https://pubmed.ncbi.nlm.nih.gov/42883479/
https://pubmed.ncbi.nlm.nih.gov/42883479/
https://pubmed.ncbi.nlm.nih.gov/42883479/
https://www.sciencedirect.com/science/article/pii/S2211715626006004
https://www.sciencedirect.com/science/article/pii/S2211715626006004
https://www.sciencedirect.com/science/article/pii/S2211715626006004
https://pmc.ncbi.nlm.nih.gov/articles/PMC12521241/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12521241/
https://pubmed.ncbi.nlm.nih.gov/40476904/
https://pubmed.ncbi.nlm.nih.gov/40476904/
https://pubmed.ncbi.nlm.nih.gov/40476904/
https://www.google.com/goto?url=CAESeQHEIkXXXle2cLNHSsRwabv91_SjnNwXG3RSmh0Cf2DfFxKzRUEv7rhi_MMrHFX3YcBBjWPyX8_VwADOLrQeGQ8mraUKNRakjv8YawRrpFAaXnHtOfJmq2SCGlKOpDTfpSuh5XSw4p-8iR0eliI6m0c0zFxfEWKib8M&gsessionid=plFmcJ_1FTgL6G-CgxK8Y2i39xif1Pfg4HmumpV7QOcG5Mmo3P44kw
https://www.google.com/goto?url=CAESeQHEIkXXXle2cLNHSsRwabv91_SjnNwXG3RSmh0Cf2DfFxKzRUEv7rhi_MMrHFX3YcBBjWPyX8_VwADOLrQeGQ8mraUKNRakjv8YawRrpFAaXnHtOfJmq2SCGlKOpDTfpSuh5XSw4p-8iR0eliI6m0c0zFxfEWKib8M&gsessionid=plFmcJ_1FTgL6G-CgxK8Y2i39xif1Pfg4HmumpV7QOcG5Mmo3P44kw
https://www.google.com/goto?url=CAESeQHEIkXXXle2cLNHSsRwabv91_SjnNwXG3RSmh0Cf2DfFxKzRUEv7rhi_MMrHFX3YcBBjWPyX8_VwADOLrQeGQ8mraUKNRakjv8YawRrpFAaXnHtOfJmq2SCGlKOpDTfpSuh5XSw4p-8iR0eliI6m0c0zFxfEWKib8M&gsessionid=plFmcJ_1FTgL6G-CgxK8Y2i39xif1Pfg4HmumpV7QOcG5Mmo3P44kw
https://www.google.com/goto?url=CAESeQHEIkXXXle2cLNHSsRwabv91_SjnNwXG3RSmh0Cf2DfFxKzRUEv7rhi_MMrHFX3YcBBjWPyX8_VwADOLrQeGQ8mraUKNRakjv8YawRrpFAaXnHtOfJmq2SCGlKOpDTfpSuh5XSw4p-8iR0eliI6m0c0zFxfEWKib8M&gsessionid=plFmcJ_1FTgL6G-CgxK8Y2i39xif1Pfg4HmumpV7QOcG5Mmo3P44kw
https://www.mdpi.com/2673-8392/1/1/17
https://pubmed.ncbi.nlm.nih.gov/28800196/
https://pubmed.ncbi.nlm.nih.gov/28800196/
https://pubmed.ncbi.nlm.nih.gov/28800196/
https://www.google.com/goto?url=CAEShwEBxCJF16umI7-_ESexR_kMOJpQn7lhkThVzqK8R2-E5Eo5bYkjHVA0Is4dtuLT03Nk8B9e6tLTX1TDFi4l0UVrHfUf4lZsu1x9Ofx6gGj1T1BgkiUKbcPsGMyg1i_rPmhHIesinDkwJwgjKhocPGQlskC03uTUoo638nC7QNKNPedpfOV4PMg&gsessionid=GPGgQvqpmOk6ZKiZ1TYdiB_n_nygcwbLpuXHm-wIyMMBjDX5x4qbnQ
https://www.google.com/goto?url=CAEShwEBxCJF16umI7-_ESexR_kMOJpQn7lhkThVzqK8R2-E5Eo5bYkjHVA0Is4dtuLT03Nk8B9e6tLTX1TDFi4l0UVrHfUf4lZsu1x9Ofx6gGj1T1BgkiUKbcPsGMyg1i_rPmhHIesinDkwJwgjKhocPGQlskC03uTUoo638nC7QNKNPedpfOV4PMg&gsessionid=GPGgQvqpmOk6ZKiZ1TYdiB_n_nygcwbLpuXHm-wIyMMBjDX5x4qbnQ
https://pmc.ncbi.nlm.nih.gov/articles/PMC4299406/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4299406/
https://www.google.com/goto?url=CAESdgHEIkXXNrEgIKtn6IQPrXdXHNtNEvU4_8v72iWwx4u5CrIDN9qVKk_7Zz3eIBy_EVDjqW-jJLtDiwHoUORF_to8yYVA7sONrGtS9Mqt_TOZ6HtzAUapR0OLz1hBNW2u0rWikpI734jJW_NfpiWbt9g7c3jVuAY&gsessionid=w3kYJAXd8_D2AMo65fJloj69_B1TgP6jK-ydmYEpi2gv5BrON2L8Jw
https://www.google.com/goto?url=CAESdgHEIkXXNrEgIKtn6IQPrXdXHNtNEvU4_8v72iWwx4u5CrIDN9qVKk_7Zz3eIBy_EVDjqW-jJLtDiwHoUORF_to8yYVA7sONrGtS9Mqt_TOZ6HtzAUapR0OLz1hBNW2u0rWikpI734jJW_NfpiWbt9g7c3jVuAY&gsessionid=w3kYJAXd8_D2AMo65fJloj69_B1TgP6jK-ydmYEpi2gv5BrON2L8Jw
https://www.google.com/goto?url=CAESdgHEIkXXNrEgIKtn6IQPrXdXHNtNEvU4_8v72iWwx4u5CrIDN9qVKk_7Zz3eIBy_EVDjqW-jJLtDiwHoUORF_to8yYVA7sONrGtS9Mqt_TOZ6HtzAUapR0OLz1hBNW2u0rWikpI734jJW_NfpiWbt9g7c3jVuAY&gsessionid=w3kYJAXd8_D2AMo65fJloj69_B1TgP6jK-ydmYEpi2gv5BrON2L8Jw
https://www.google.com/goto?url=CAESdgHEIkXXNrEgIKtn6IQPrXdXHNtNEvU4_8v72iWwx4u5CrIDN9qVKk_7Zz3eIBy_EVDjqW-jJLtDiwHoUORF_to8yYVA7sONrGtS9Mqt_TOZ6HtzAUapR0OLz1hBNW2u0rWikpI734jJW_NfpiWbt9g7c3jVuAY&gsessionid=w3kYJAXd8_D2AMo65fJloj69_B1TgP6jK-ydmYEpi2gv5BrON2L8Jw
https://pubmed.ncbi.nlm.nih.gov/25755663/
https://pubmed.ncbi.nlm.nih.gov/25755663/
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1529-8817.1969.tb02574.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1529-8817.1969.tb02574.x
https://pubs.rsc.org/fb/article/4/2/1290/1235759/Sustainable-applications-of-carrageenan-as-a-next
https://pubs.rsc.org/fb/article/4/2/1290/1235759/Sustainable-applications-of-carrageenan-as-a-next
https://pubs.rsc.org/fb/article/4/2/1290/1235759/Sustainable-applications-of-carrageenan-as-a-next
https://pubs.rsc.org/fb/article/4/2/1290/1235759/Sustainable-applications-of-carrageenan-as-a-next
https://pmc.ncbi.nlm.nih.gov/articles/PMC4347444/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4347444/
https://www.researchgate.net/publication/405999301_Influence_of_reproductive_cell_density_of_Ulva_ohnoi_Ulvophyceae_in_seeded_Algal_Turf_Scrubbers_sATS_biomass_yield_and_bioremediation_implications
https://www.researchgate.net/publication/405999301_Influence_of_reproductive_cell_density_of_Ulva_ohnoi_Ulvophyceae_in_seeded_Algal_Turf_Scrubbers_sATS_biomass_yield_and_bioremediation_implications
https://www.researchgate.net/publication/405999301_Influence_of_reproductive_cell_density_of_Ulva_ohnoi_Ulvophyceae_in_seeded_Algal_Turf_Scrubbers_sATS_biomass_yield_and_bioremediation_implications
https://www.researchgate.net/publication/405999301_Influence_of_reproductive_cell_density_of_Ulva_ohnoi_Ulvophyceae_in_seeded_Algal_Turf_Scrubbers_sATS_biomass_yield_and_bioremediation_implications
https://www.intechopen.com/chapters/89188
https://www.intechopen.com/chapters/89188
https://www.intechopen.com/chapters/89188
https://www.google.com/goto?url=CAEShAEBxCJF13nYft7v9Hq18WPY50seUWvCyVNMcmkVqFxts2j4iXtSXfMg34nSCSkNBcSv7T_V72CQXpseVEA47ln_VRVLKUPIRv7QFbvXou8Vfnk3yaz-MCJC5dneR2zFCcMshdDx5gikREHormJNuRVbgUl28PzZH5Bu0fxr2EnWqD5ZQLU&gsessionid=xp23j9SCkisxESEiFOU-LcEQiOABhRSCMVk8dvw7Nt9q-IIqh2IZ-w
https://www.google.com/goto?url=CAEShAEBxCJF13nYft7v9Hq18WPY50seUWvCyVNMcmkVqFxts2j4iXtSXfMg34nSCSkNBcSv7T_V72CQXpseVEA47ln_VRVLKUPIRv7QFbvXou8Vfnk3yaz-MCJC5dneR2zFCcMshdDx5gikREHormJNuRVbgUl28PzZH5Bu0fxr2EnWqD5ZQLU&gsessionid=xp23j9SCkisxESEiFOU-LcEQiOABhRSCMVk8dvw7Nt9q-IIqh2IZ-w
https://www.google.com/goto?url=CAEShAEBxCJF13nYft7v9Hq18WPY50seUWvCyVNMcmkVqFxts2j4iXtSXfMg34nSCSkNBcSv7T_V72CQXpseVEA47ln_VRVLKUPIRv7QFbvXou8Vfnk3yaz-MCJC5dneR2zFCcMshdDx5gikREHormJNuRVbgUl28PzZH5Bu0fxr2EnWqD5ZQLU&gsessionid=xp23j9SCkisxESEiFOU-LcEQiOABhRSCMVk8dvw7Nt9q-IIqh2IZ-w
https://www.google.com/goto?url=CAES6gEBxCJF1xX2BPsIbdgGSc5kscY-nqJjOVWAhBZ4LqfZsbAfm3n714bAq4us1mwqILX6-qkUSuXhHjaJJQF6sSPje1xpJHS1JhKhZbf0TzrZ_qzUc-mnvqoQ-xJfuXrtoJ5Y9JuAw45YMqDTg-kSw6x38fSXH66qurFSGTlVTQaqHLtVX1tKBUhiG2mr1j49k77c2MjvoaO9kU671KWw7f32IW-WKcujGpnezd5rgqCIRHTZxX76ZWMDa86-LY9lYnNFBP81oTAogBBpIzekSseueXxGYrSQbVUYgq1f8vqH2_o1yAMlByjXHfc&gsessionid=FP7401QiExDBr1dRVGCijBBxMZY6r_fyAcGTAqhWkw7vwdVN61pA5Q
https://www.google.com/goto?url=CAES6gEBxCJF1xX2BPsIbdgGSc5kscY-nqJjOVWAhBZ4LqfZsbAfm3n714bAq4us1mwqILX6-qkUSuXhHjaJJQF6sSPje1xpJHS1JhKhZbf0TzrZ_qzUc-mnvqoQ-xJfuXrtoJ5Y9JuAw45YMqDTg-kSw6x38fSXH66qurFSGTlVTQaqHLtVX1tKBUhiG2mr1j49k77c2MjvoaO9kU671KWw7f32IW-WKcujGpnezd5rgqCIRHTZxX76ZWMDa86-LY9lYnNFBP81oTAogBBpIzekSseueXxGYrSQbVUYgq1f8vqH2_o1yAMlByjXHfc&gsessionid=FP7401QiExDBr1dRVGCijBBxMZY6r_fyAcGTAqhWkw7vwdVN61pA5Q
https://www.google.com/goto?url=CAES6gEBxCJF1xX2BPsIbdgGSc5kscY-nqJjOVWAhBZ4LqfZsbAfm3n714bAq4us1mwqILX6-qkUSuXhHjaJJQF6sSPje1xpJHS1JhKhZbf0TzrZ_qzUc-mnvqoQ-xJfuXrtoJ5Y9JuAw45YMqDTg-kSw6x38fSXH66qurFSGTlVTQaqHLtVX1tKBUhiG2mr1j49k77c2MjvoaO9kU671KWw7f32IW-WKcujGpnezd5rgqCIRHTZxX76ZWMDa86-LY9lYnNFBP81oTAogBBpIzekSseueXxGYrSQbVUYgq1f8vqH2_o1yAMlByjXHfc&gsessionid=FP7401QiExDBr1dRVGCijBBxMZY6r_fyAcGTAqhWkw7vwdVN61pA5Q
https://www.google.com/goto?url=CAES6gEBxCJF1xX2BPsIbdgGSc5kscY-nqJjOVWAhBZ4LqfZsbAfm3n714bAq4us1mwqILX6-qkUSuXhHjaJJQF6sSPje1xpJHS1JhKhZbf0TzrZ_qzUc-mnvqoQ-xJfuXrtoJ5Y9JuAw45YMqDTg-kSw6x38fSXH66qurFSGTlVTQaqHLtVX1tKBUhiG2mr1j49k77c2MjvoaO9kU671KWw7f32IW-WKcujGpnezd5rgqCIRHTZxX76ZWMDa86-LY9lYnNFBP81oTAogBBpIzekSseueXxGYrSQbVUYgq1f8vqH2_o1yAMlByjXHfc&gsessionid=FP7401QiExDBr1dRVGCijBBxMZY6r_fyAcGTAqhWkw7vwdVN61pA5Q
https://www.google.com/goto?url=CAESfAHEIkXXKc-79RZCY_qhT7RHVO3fZwuowXFFYVnrZbQqtg1gXH2sXJIMmbTdRkReHI6Sn7DtkDl8nhhHa1R3npTkrXKaknphuylKCKNPTZfg6KHhm016mWmpRaBBKfgfZHXTyGgey5evKDMyQQksO5sP2qo46iZIgVKqbyU&gsessionid=ZLsOpnIATpLYAj5HUKzdwJbMPeFBnaUReVWtgVSRPAzd2rJjzl97Lg
https://www.google.com/goto?url=CAESfAHEIkXXKc-79RZCY_qhT7RHVO3fZwuowXFFYVnrZbQqtg1gXH2sXJIMmbTdRkReHI6Sn7DtkDl8nhhHa1R3npTkrXKaknphuylKCKNPTZfg6KHhm016mWmpRaBBKfgfZHXTyGgey5evKDMyQQksO5sP2qo46iZIgVKqbyU&gsessionid=ZLsOpnIATpLYAj5HUKzdwJbMPeFBnaUReVWtgVSRPAzd2rJjzl97Lg
https://www.google.com/goto?url=CAESfAHEIkXXKc-79RZCY_qhT7RHVO3fZwuowXFFYVnrZbQqtg1gXH2sXJIMmbTdRkReHI6Sn7DtkDl8nhhHa1R3npTkrXKaknphuylKCKNPTZfg6KHhm016mWmpRaBBKfgfZHXTyGgey5evKDMyQQksO5sP2qo46iZIgVKqbyU&gsessionid=ZLsOpnIATpLYAj5HUKzdwJbMPeFBnaUReVWtgVSRPAzd2rJjzl97Lg
https://www.google.com/goto?url=CAESfAHEIkXXKc-79RZCY_qhT7RHVO3fZwuowXFFYVnrZbQqtg1gXH2sXJIMmbTdRkReHI6Sn7DtkDl8nhhHa1R3npTkrXKaknphuylKCKNPTZfg6KHhm016mWmpRaBBKfgfZHXTyGgey5evKDMyQQksO5sP2qo46iZIgVKqbyU&gsessionid=ZLsOpnIATpLYAj5HUKzdwJbMPeFBnaUReVWtgVSRPAzd2rJjzl97Lg
https://pubmed.ncbi.nlm.nih.gov/36547914/
https://pubmed.ncbi.nlm.nih.gov/36547914/
https://pubmed.ncbi.nlm.nih.gov/36547914/
https://pubmed.ncbi.nlm.nih.gov/36547914/
https://link.springer.com/article/10.1007/s10814-023-09191-1
https://link.springer.com/article/10.1007/s10814-023-09191-1
https://link.springer.com/article/10.1007/s10814-023-09191-1
https://doi.org/10.1016/j.aqrep.2026.103585
https://doi.org/10.1016/j.aqrep.2026.103585
https://doi.org/10.1016/j.aqrep.2026.103585
https://doi.org/10.1016/j.aqrep.2026.103585
https://www.google.com/goto?url=CAEShAEBxCJF10nvPZvN8xCevqLi4ie14aw_5HzhzS-b5rOC5FUiOqGmkPjgkB0aweHAL2FXU6qAcfTys1HZ7howUhTG3OWYai7edRSxIowHlskpXjTElMEfN5hFOOyGc-mBCOr14wTrmAWqfHVD7HvUOdEJTeM_Ks1PXZM1pc2wS_nJ0q0y1rQ&gsessionid=1gOM5enKwg2N1elbTpApz4HR6HyTD_hOkgGYNFyhoXra-_SVP8Yapg
https://www.google.com/goto?url=CAEShAEBxCJF10nvPZvN8xCevqLi4ie14aw_5HzhzS-b5rOC5FUiOqGmkPjgkB0aweHAL2FXU6qAcfTys1HZ7howUhTG3OWYai7edRSxIowHlskpXjTElMEfN5hFOOyGc-mBCOr14wTrmAWqfHVD7HvUOdEJTeM_Ks1PXZM1pc2wS_nJ0q0y1rQ&gsessionid=1gOM5enKwg2N1elbTpApz4HR6HyTD_hOkgGYNFyhoXra-_SVP8Yapg
https://www.google.com/goto?url=CAEShAEBxCJF10nvPZvN8xCevqLi4ie14aw_5HzhzS-b5rOC5FUiOqGmkPjgkB0aweHAL2FXU6qAcfTys1HZ7howUhTG3OWYai7edRSxIowHlskpXjTElMEfN5hFOOyGc-mBCOr14wTrmAWqfHVD7HvUOdEJTeM_Ks1PXZM1pc2wS_nJ0q0y1rQ&gsessionid=1gOM5enKwg2N1elbTpApz4HR6HyTD_hOkgGYNFyhoXra-_SVP8Yapg
https://www.google.com/goto?url=CAESegHEIkXXevbiA8rnY6urkMUmazdKv19jOP41lzhSDmHRf6YsQWPaCjVmIsFBeXIcgWv_L99g6E4aA0Y9XeHkSTqA2cMrV10CgdtwOXjbdBCoq5d45aVug4ptxFgwd9WS9JaFo_wAxkztabaZrVV7J4qZ0oFzv1BtCJAr&gsessionid=7KCQxZ56yVplYQGBPgBSEIa_0vfH9_geBYLBLNGjUizbCV16LKs2tg
https://www.google.com/goto?url=CAESegHEIkXXevbiA8rnY6urkMUmazdKv19jOP41lzhSDmHRf6YsQWPaCjVmIsFBeXIcgWv_L99g6E4aA0Y9XeHkSTqA2cMrV10CgdtwOXjbdBCoq5d45aVug4ptxFgwd9WS9JaFo_wAxkztabaZrVV7J4qZ0oFzv1BtCJAr&gsessionid=7KCQxZ56yVplYQGBPgBSEIa_0vfH9_geBYLBLNGjUizbCV16LKs2tg
https://www.google.com/goto?url=CAESegHEIkXXevbiA8rnY6urkMUmazdKv19jOP41lzhSDmHRf6YsQWPaCjVmIsFBeXIcgWv_L99g6E4aA0Y9XeHkSTqA2cMrV10CgdtwOXjbdBCoq5d45aVug4ptxFgwd9WS9JaFo_wAxkztabaZrVV7J4qZ0oFzv1BtCJAr&gsessionid=7KCQxZ56yVplYQGBPgBSEIa_0vfH9_geBYLBLNGjUizbCV16LKs2tg
https://www.sciencedirect.com/science/article/abs/pii/S0044848618317940
https://www.sciencedirect.com/science/article/abs/pii/S0044848618317940
https://www.sciencedirect.com/science/article/abs/pii/S0044848618317940
https://www.researchgate.net/publication/324909400_Cultivation_protocol_for_Saccharina_latissima
https://www.researchgate.net/publication/324909400_Cultivation_protocol_for_Saccharina_latissima
https://www.mdpi.com/2077-1312/14/19/1794
https://www.mdpi.com/2077-1312/14/19/1794
https://www.mdpi.com/2077-1312/14/19/1794
https://www.mdpi.com/2077-1312/14/19/1794
https://www.researchgate.net/publication/269996200_Multitrophic_Integration_for_Sustainable_Marine_Aquaculture
https://www.researchgate.net/publication/269996200_Multitrophic_Integration_for_Sustainable_Marine_Aquaculture
https://www.researchgate.net/publication/315804021_Technological_Approaches_to_Longline-_and_Cage-Based_Aquaculture_in_Open_Ocean_Environments
https://www.researchgate.net/publication/315804021_Technological_Approaches_to_Longline-_and_Cage-Based_Aquaculture_in_Open_Ocean_Environments
https://www.researchgate.net/publication/315804021_Technological_Approaches_to_Longline-_and_Cage-Based_Aquaculture_in_Open_Ocean_Environments

Leonel Pereira

WebLog Journal of Aquaculture

67. PifaF, Contreras-Porcia L. Current Trends and Emerging Perspectives in
the Cultivation and Utilization of Nori Species. CABI Books. 2026.

68. Sobuj MKA, Mostofa MG, Islam Z, Rabby AF, Rahman T, Sonia SS, et
al. Floating raft culture of Gracilariopsis longissima for optimum biomass
yield performance on the coast of Cox’s Bazar, Bangladesh. Sci Rep. 2023;
13(1): 2308.

69. Johnson B, Narayanakumar R, Abdul Nazar AK, Kaladharan P,
Gopakumar G. Economic analysis of farming and wild collection of
seaweeds in Ramanathapuram District, Tamil Nadu. Ind J Fish. 2018.

70. Behera DP, Kannad B, Baraiya P, Mashru S, Kumari S, Ingle K. Cultivation
systems of seaweed. 2026.

71. Himawan A, Putra WHN, Setiawan E. RAFT: An IoT-Based Nutrition
Monitoring System for Bok Choy Hydroponics Plants. Jurnal RESTIL
2024; 8: 258-264.

72. Khan N, Sudhakar K, Mamat R. Macroalgae farming for sustainable
future: Navigating opportunities and driving innovation. Heliyon. 2024;
10(7): €28208.

73. Nair D. Soft substrate/sediment, bottom culture. CABI Compendium.
2021.

74. Spano N, Di Paola D, Albano M, Manganaro A, Sanfilippo M, D’Iglio
C, et al. Growth performance and bioremediation potential of Gracilaria
gracilis (Steentoft, L.M. Irvine & Farnham, 1995). Int J Environ Stud.
2022; 79(4): 748-760.

75. Khan N, Sudhakar K, Mamat R. Seaweed farming: A perspectives of
genetic engineering and nano-technology application. Heliyon. 2023;
9(4): e15168.

76. Bullen CD, Driscoll J, Burt ], Stephens T, Hessing-Lewis M, Gregr EJ. The
potential climate benefits of seaweed farming in temperate waters. Sci
Rep. 2024; 14(1): 15021.

77. Bhowmik M, Chatterjee S, Haldar S. Environmental Impacts of Seaweed
Farming. 2026.

78. Raja N, Peter NR, Aravind R, Kumar S A, R J, Kondusamy A, et al.
Culture potential of Gracilaria salicornia in the brackishwater ecosystem:
A multifaceted approach towards sustainable development goals. Blue
Biotechnol. 2025; 2: 9.

79. Lian Y, Boamah SO, Pan Z, Zheng J, Chen W, Ma G, et al. Engineering
design and economic analysis of offshore seaweed farm. Front Mar Sci.
2024; 11: 1276552.

80. Tullberg RM, Nguyen HP, Wang CM. Review of the Status and
Developments in Seaweed Farming Infrastructure. ] Mar Sci Eng. 2022;
10(10): 1447.

81. O'Shea R, Collins A, Howe C. Offshore Multi-use setting: Introducing
integrative assessment modelling to alleviate uncertainty of developing
Seaweed Aquaculture inside Wind Farms. Environmental Challenges.
2022; 8: 100559.

82. Bak UG, Gregersen O, Infante J. Technical challenges for offshore
cultivation of kelp species: lessons learned and future directions. Botanica
Marina. 2020; 63(4): 341-353.

83. Katikiro RE, Michael A. Challenges and opportunities of seaweed supply
chain in mainland Tanzania. Discov Oceans. 2026; 3(1): 29.

84. Costa C, MirandaF, Clemente D, Rosa-Santos P, Taveira-Pinto F, Fazeres-
Ferradosa T. Exploratory study on offshore aquaculture suitability and
co-location with marine renewable energy in Portugal. Aquaculture.
2026; 619: 743888.

85. Schmedes, P S. Investigating hatchery and cultivation methods for
improved cultivation of Palmaria palmata. DTU Aqua - National
Institute of Aquatic Resources. 2020.

86. Jiksing C, Ongkudon M, Thien VY, Rodrigues K, Yong W. Recent

advances in seaweed seedling production: a review of eucheumatoids and
other valuable seaweeds. Algae. 2022; 37: 105-121.

87. Visch W, Rad-Menéndez C, Nylund GM, Pavia H, Ryan MJ, Day
J. Underpinning the Development of Seaweed Biotechnology:
Cryopreservation of Brown Algae (Saccharina latissima) Gametophytes.
Biopreserv Biobank. 2019; 17(5): 378-386.

88. Tan J, Poong S-W, Gachon C, Brodie J, Lim P-E. The Role of Molecular
Marker Technology in Advancing Eucheumatoid Research. Springer
International Publishing. 2024.

89. Yadav P. Harvesting the Future: The Growing Industry of Seaweed
Farming and Its Sustainable Contributions. 2024.

90. Verdegem M, Buschmann AH, Latt UW, Dalsgaard AJT, Lovatelli A. The
contribution of aquaculture systems to global aquaculture production. J
World Aquacult Soc. 2023; 54(2): 206-250.

91. Chopin T, Troell M, Reid GK, Knowler D, Robinson S, Buschmann A, et
al. Integrated Multi-Trophic Aquaculture. Policies to Ensure a Sustainable
Aquaculture Sector. 2010.

92. Das P, Meitei MM, Hoque M, Karthireddy S, Ande MP, Das BK. Integrated
multitrophic aquaculture: Advancing sustainability and environmental
stewardship. Academic Press. 2026.

93. Curcuraci E, Hellio C, Messina C, Santulli A. Seaweeds in Integrated
Multi-Trophic Aquaculture: Environmental Benefits and Bioactive
Compounds Production. 2024.

94. Ridler N, Wowchuk M, Robinson B, Barrington K, Chopin T, Robinson
S, et al. Integrated Multi — Trophic Aquaculture (Imta): A Potential
Strategic Choice for Farmers. Aquaculture Economics and Management.
2007; 11(1): 99-110.

95. Rosati S, Maiuro L, Lombardi SJ, Iaffaldano N, Di Iorio M, Cariglia M,
et al. Integrated Biotechnological Strategies for the Sustainability and
Quality of Mediterranean Sea Bass (Dicentrarchus labrax) and Sea Bream
(Sparus aurata). Foods. 2025; 14(6): 1020.

96. Wu H, Huo Y, Hu M, Wei Z, He P. Eutrophication assessment and
bioremediation strategy using seaweeds co-cultured with aquatic animals
in an enclosed bay in China. Mar Pollut Bull. 2015; 95(1): 342-349.

97. Sedyaaw P, Bhatkar V, Sawant A. A Review on Effects of Eutrophication
in Aquatic Ecosystem. Int ] Develop Res. 2024; 14: 65362-65369.

98. Kotta J, Raudsepp U, Szava-Kovats R, Aps R, Armoskaite A, Barda I, et
al. Assessing the potential for sea-based macroalgae cultivation and its
application for nutrient removal in the Baltic Sea. Sci Total Environ. 2022;
839: 156230.

99. Sharma A, Dubey S, Singh K, Mittal R, Quille P, Rajauria G. Innovative
Processing and Industrial Applications of Seaweed. Phycology. 2025; 5:
10.

100. Mulyani S. The Role of Seaweed in Carbon Sequestration and Climate
Change Mitigation: A Review of Blue Carbon Potential. Indonesian
Journal of Agriculture and Environmental Analytics. 2026; 5: 89-108.

101.Pessarrodona A, Howard ], Pidgeon E, Wernberg T, Filbee-Dexter K.
Carbon removal and climate change mitigation by seaweed farming: A
state of knowledge review. Sci Total Environ. 2024; 918: 170525.

102.Choi D, Lee H-G, Jung Y-H, Lee D-W, Han J, Hyeon J-Y, et al. Pilot-Scale
Cultivation of Seaweed (Undaria pinnatifida) Along an Offshore Wind
Farm in Southwestern Korea. ] Mar Sci Eng. 2025; 13(5): 882.

103. Alleway HK. Climate benefits of seaweed farming. Nat Sustain. 2023; 6:
356-357.

104. Filbee-Dexter K, Pessarrodona A, Krumhansl KA, Wernberg T. Seaweed
carbon removal cannot keep up with climate-driven loss. PLoS Biol. 2026;
24(9): €3003949.

105.Bhuyan M, Husain S, Chowdhury E, Bat L. Assessment of Carbon

WebLog Open Access Publications

wjaq.2026.k1205


http://www.weblogoa.com
https://www.cabidigitallibrary.org/doi/10.1079/9781836990246.0005
https://www.cabidigitallibrary.org/doi/10.1079/9781836990246.0005
https://www.nature.com/articles/s41598-023-28675-0
https://www.nature.com/articles/s41598-023-28675-0
https://www.nature.com/articles/s41598-023-28675-0
https://www.nature.com/articles/s41598-023-28675-0
https://epubs.icar.org.in/index.php/IJF/article/view/61828
https://epubs.icar.org.in/index.php/IJF/article/view/61828
https://epubs.icar.org.in/index.php/IJF/article/view/61828
https://www.researchgate.net/publication/403636915_Cultivation_systems_of_seaweed
https://www.researchgate.net/publication/403636915_Cultivation_systems_of_seaweed
https://www.researchgate.net/publication/380242210_RAFT_An_IoT-Based_Nutrition_Monitoring_System_for_Bok_Choy_Hydroponics_Plants
https://www.researchgate.net/publication/380242210_RAFT_An_IoT-Based_Nutrition_Monitoring_System_for_Bok_Choy_Hydroponics_Plants
https://www.researchgate.net/publication/380242210_RAFT_An_IoT-Based_Nutrition_Monitoring_System_for_Bok_Choy_Hydroponics_Plants
https://doi.org/10.1016/j.heliyon.2024.e28208
https://doi.org/10.1016/j.heliyon.2024.e28208
https://doi.org/10.1016/j.heliyon.2024.e28208
https://www.google.com/goto?url=CAESlQEBxCJF14oI0Zz3kBBlEWJ9FASJt6QP-KWScq6d3y49XRYbf7BvkXtF_8RlQU93Q0_Hi_dqhq7WkDutNTlYXuftchPGjAhN_O6bxoTx83CBncg1pbskNTQgeFPefje7uKdumF-SG818AXUVqrq_0DFmGr7TW-LObgUAsD58PNNRQTuQNpokU7wrRl3MBdCWAi0SdC8ClQ&gsessionid=MIuVHiQg_0iyQzdwDpMu8dARVkVsfV19Sp8X_iP4i2FhWDX5g_DkHg
https://www.google.com/goto?url=CAESlQEBxCJF14oI0Zz3kBBlEWJ9FASJt6QP-KWScq6d3y49XRYbf7BvkXtF_8RlQU93Q0_Hi_dqhq7WkDutNTlYXuftchPGjAhN_O6bxoTx83CBncg1pbskNTQgeFPefje7uKdumF-SG818AXUVqrq_0DFmGr7TW-LObgUAsD58PNNRQTuQNpokU7wrRl3MBdCWAi0SdC8ClQ&gsessionid=MIuVHiQg_0iyQzdwDpMu8dARVkVsfV19Sp8X_iP4i2FhWDX5g_DkHg
https://www.researchgate.net/publication/353746604_Growth_performance_and_bioremediation_potential_of_Gracilaria_gracilis_Steentoft_LM_Irvine_Farnham_1995
https://www.researchgate.net/publication/353746604_Growth_performance_and_bioremediation_potential_of_Gracilaria_gracilis_Steentoft_LM_Irvine_Farnham_1995
https://www.researchgate.net/publication/353746604_Growth_performance_and_bioremediation_potential_of_Gracilaria_gracilis_Steentoft_LM_Irvine_Farnham_1995
https://www.researchgate.net/publication/353746604_Growth_performance_and_bioremediation_potential_of_Gracilaria_gracilis_Steentoft_LM_Irvine_Farnham_1995
https://pubmed.ncbi.nlm.nih.gov/37123906/
https://pubmed.ncbi.nlm.nih.gov/37123906/
https://pubmed.ncbi.nlm.nih.gov/37123906/
https://pubmed.ncbi.nlm.nih.gov/38951559/
https://pubmed.ncbi.nlm.nih.gov/38951559/
https://pubmed.ncbi.nlm.nih.gov/38951559/
https://www.google.com/goto?url=CAESmAEBxCJF13pXFx1LDBs93cz-jZ20BVarzAw0FSKUmLvnZ_QxO1k3zS0sLOemYVuGnvHmxCRMUXPkNzXOv_5OktOWz6z_V7JSglqy6dZHrEOdhgrwnqJhAnxKKC1uzM_Lv3ynJ9nuZfNLXpaE_1GYDHkhutuK_g3tV6QhFaeV4MD0QMkCcItrgiXinFcdJ7rcmagEYIeHt4mU7w&gsessionid=zhVtTcAksiVRxYxI2pv54rkUJVeSTajjvt3QLNMVHKSuY5UaASLDfw
https://www.google.com/goto?url=CAESmAEBxCJF13pXFx1LDBs93cz-jZ20BVarzAw0FSKUmLvnZ_QxO1k3zS0sLOemYVuGnvHmxCRMUXPkNzXOv_5OktOWz6z_V7JSglqy6dZHrEOdhgrwnqJhAnxKKC1uzM_Lv3ynJ9nuZfNLXpaE_1GYDHkhutuK_g3tV6QhFaeV4MD0QMkCcItrgiXinFcdJ7rcmagEYIeHt4mU7w&gsessionid=zhVtTcAksiVRxYxI2pv54rkUJVeSTajjvt3QLNMVHKSuY5UaASLDfw
https://www.researchgate.net/publication/393184965_Culture_potential_of_Gracilaria_salicornia_in_the_brackishwater_ecosystem_A_multifaceted_approach_towards_sustainable_development_goals
https://www.researchgate.net/publication/393184965_Culture_potential_of_Gracilaria_salicornia_in_the_brackishwater_ecosystem_A_multifaceted_approach_towards_sustainable_development_goals
https://www.researchgate.net/publication/393184965_Culture_potential_of_Gracilaria_salicornia_in_the_brackishwater_ecosystem_A_multifaceted_approach_towards_sustainable_development_goals
https://www.researchgate.net/publication/393184965_Culture_potential_of_Gracilaria_salicornia_in_the_brackishwater_ecosystem_A_multifaceted_approach_towards_sustainable_development_goals
https://www.researchgate.net/publication/378398866_Engineering_design_and_economic_analysis_of_offshore_seaweed_farm
https://www.researchgate.net/publication/378398866_Engineering_design_and_economic_analysis_of_offshore_seaweed_farm
https://www.researchgate.net/publication/378398866_Engineering_design_and_economic_analysis_of_offshore_seaweed_farm
https://www.mdpi.com/2077-1312/10/10/1447
https://www.mdpi.com/2077-1312/10/10/1447
https://www.mdpi.com/2077-1312/10/10/1447
https://doi.org/10.1016/j.envc.2022.100559
https://doi.org/10.1016/j.envc.2022.100559
https://doi.org/10.1016/j.envc.2022.100559
https://doi.org/10.1016/j.envc.2022.100559
https://www.researchgate.net/publication/343705758_Technical_challenges_for_offshore_cultivation_of_kelp_species_lessons_learned_and_future_directions
https://www.researchgate.net/publication/343705758_Technical_challenges_for_offshore_cultivation_of_kelp_species_lessons_learned_and_future_directions
https://www.researchgate.net/publication/343705758_Technical_challenges_for_offshore_cultivation_of_kelp_species_lessons_learned_and_future_directions
https://www.google.com/goto?url=CAESeQHEIkXXRJOdGaDxuYSHCeOJgM7_J_XyfPYflSnAmLRsS7jM86yFK8sL6KJ4ZI2iuX3uc2WzR4NbIf5ZSdU3iW6psT0_uJc253uPjvmcYEOsXi0B4xs9Uos6bLiz-hyCl5mHRUQNarCKiUY7wP4hCU8Yor5lOU1qBjs&gsessionid=9OA0mIvyURIl40AOoELxXEC_msOHx-0T6nG5BqVn-tUPPIWYxNa5DA
https://www.google.com/goto?url=CAESeQHEIkXXRJOdGaDxuYSHCeOJgM7_J_XyfPYflSnAmLRsS7jM86yFK8sL6KJ4ZI2iuX3uc2WzR4NbIf5ZSdU3iW6psT0_uJc253uPjvmcYEOsXi0B4xs9Uos6bLiz-hyCl5mHRUQNarCKiUY7wP4hCU8Yor5lOU1qBjs&gsessionid=9OA0mIvyURIl40AOoELxXEC_msOHx-0T6nG5BqVn-tUPPIWYxNa5DA
https://doi.org/10.1016/j.aquaculture.2026.743888
https://doi.org/10.1016/j.aquaculture.2026.743888
https://doi.org/10.1016/j.aquaculture.2026.743888
https://doi.org/10.1016/j.aquaculture.2026.743888
https://www.google.com/goto?url=CAESdwHEIkXXvKuqBH3VXzqQZct1NEqe0WHST6IIC1zwWigRn_BUMbdcjKxb_Po5jyFQLGY1pw2HaNWIQSZT6AxANWV0isc85vCYeicsVYynhCi6NTLf1-w3IFwwqjlVrEOTsffo6VxUK2awmiLoaZXypvLgxXG5d-as&gsessionid=_skHUf5D8vwYMCQgMkCtQWHEo4zFIjqffiROvlTe4v_QEzIeVXdPgQ
https://www.google.com/goto?url=CAESdwHEIkXXvKuqBH3VXzqQZct1NEqe0WHST6IIC1zwWigRn_BUMbdcjKxb_Po5jyFQLGY1pw2HaNWIQSZT6AxANWV0isc85vCYeicsVYynhCi6NTLf1-w3IFwwqjlVrEOTsffo6VxUK2awmiLoaZXypvLgxXG5d-as&gsessionid=_skHUf5D8vwYMCQgMkCtQWHEo4zFIjqffiROvlTe4v_QEzIeVXdPgQ
https://www.google.com/goto?url=CAESdwHEIkXXvKuqBH3VXzqQZct1NEqe0WHST6IIC1zwWigRn_BUMbdcjKxb_Po5jyFQLGY1pw2HaNWIQSZT6AxANWV0isc85vCYeicsVYynhCi6NTLf1-w3IFwwqjlVrEOTsffo6VxUK2awmiLoaZXypvLgxXG5d-as&gsessionid=_skHUf5D8vwYMCQgMkCtQWHEo4zFIjqffiROvlTe4v_QEzIeVXdPgQ
https://www.google.com/goto?url=CAEShAEBxCJF16ArPq7rthp5hJ2vluqlJsjVh9y_FqAOK9I7SdBgI1NX7bu78kMp0FtoCshbhrCaI6XLw9wLrBlMRRfzjHR1nI4fwvNnol82ZMQ13vVzd6lWkm2qCI2tqgqMmzHkxMX75tSNIPVU42XaibdFWc8V2nFKdZ3XYJQk0dG3gYId-dI&gsessionid=MXBHK80Q_EZvJxxEg9yuF48H5Ui2DVXZsNZOBvtaNtFgJK-3NFO34A
https://www.google.com/goto?url=CAEShAEBxCJF16ArPq7rthp5hJ2vluqlJsjVh9y_FqAOK9I7SdBgI1NX7bu78kMp0FtoCshbhrCaI6XLw9wLrBlMRRfzjHR1nI4fwvNnol82ZMQ13vVzd6lWkm2qCI2tqgqMmzHkxMX75tSNIPVU42XaibdFWc8V2nFKdZ3XYJQk0dG3gYId-dI&gsessionid=MXBHK80Q_EZvJxxEg9yuF48H5Ui2DVXZsNZOBvtaNtFgJK-3NFO34A
https://www.google.com/goto?url=CAEShAEBxCJF16ArPq7rthp5hJ2vluqlJsjVh9y_FqAOK9I7SdBgI1NX7bu78kMp0FtoCshbhrCaI6XLw9wLrBlMRRfzjHR1nI4fwvNnol82ZMQ13vVzd6lWkm2qCI2tqgqMmzHkxMX75tSNIPVU42XaibdFWc8V2nFKdZ3XYJQk0dG3gYId-dI&gsessionid=MXBHK80Q_EZvJxxEg9yuF48H5Ui2DVXZsNZOBvtaNtFgJK-3NFO34A
https://pmc.ncbi.nlm.nih.gov/articles/PMC6791476/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6791476/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6791476/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6791476/
file:///F:/Weblog/WJT_9024/V1/I/v
file:///F:/Weblog/WJT_9024/V1/I/v
file:///F:/Weblog/WJT_9024/V1/I/v
https://www.google.com/goto?url=CAES0AEBxCJF140UM4NgdWHRBMWkXYX8OxW5QbuxNMeCXzDPrJASVjb13I0HG6zKxiIxyJluf7I4ee2E93FIPaq0fQ3-Q-oMKP-_cG5MuEjoo3RZIPCboz4eboWCwkQpw3R5YPVRQqZ0S1dcAHwEmyjZzGT1kKQA3IUASzlOBM1JSnvTQKsnmGm3jK1KoubAED1RZCS1QdEkeH6GObpFEiKufLf5Q7Aey7wIEVKxKHvj1pfFLhcwOiZRRzBtBWlJCwvvO-BLt979sbvMvY4aRxc5aq87&gsessionid=UIiTbhtqWev8Vzo1xXPESfL7JUA43pCjlCiNlt5eY5sKGOq-MDYt0Q
https://www.google.com/goto?url=CAES0AEBxCJF140UM4NgdWHRBMWkXYX8OxW5QbuxNMeCXzDPrJASVjb13I0HG6zKxiIxyJluf7I4ee2E93FIPaq0fQ3-Q-oMKP-_cG5MuEjoo3RZIPCboz4eboWCwkQpw3R5YPVRQqZ0S1dcAHwEmyjZzGT1kKQA3IUASzlOBM1JSnvTQKsnmGm3jK1KoubAED1RZCS1QdEkeH6GObpFEiKufLf5Q7Aey7wIEVKxKHvj1pfFLhcwOiZRRzBtBWlJCwvvO-BLt979sbvMvY4aRxc5aq87&gsessionid=UIiTbhtqWev8Vzo1xXPESfL7JUA43pCjlCiNlt5eY5sKGOq-MDYt0Q
https://www.researchgate.net/publication/370690854_The_contribution_of_aquaculture_systems_to_global_aquaculture_production
https://www.researchgate.net/publication/370690854_The_contribution_of_aquaculture_systems_to_global_aquaculture_production
https://www.researchgate.net/publication/370690854_The_contribution_of_aquaculture_systems_to_global_aquaculture_production
https://www.google.com/goto?url=CAESlAEBxCJF153GKKncTWf2iXN40lKoD4o9ZZgJ32Z6UWB5oaRj_ZhwCkiS7YdpbmuMIqLhoBuHsPVJBWECMWIb6JZckTvjHrYNkixs388OH5uEsv3oh9Gw10ECwZKo3AP-UaB-m2RqqBUWL7DiB9CqZiPKA1XpkQXCJnnvIx9js1rlBN458oM4RnNsoW-LCubJQbrivE8O&gsessionid=bqy0VtmMfTuikTO2lxaitTZqfsZ47FnYqSdnC8NA1cQUbAtCU1brqg
https://www.google.com/goto?url=CAESlAEBxCJF153GKKncTWf2iXN40lKoD4o9ZZgJ32Z6UWB5oaRj_ZhwCkiS7YdpbmuMIqLhoBuHsPVJBWECMWIb6JZckTvjHrYNkixs388OH5uEsv3oh9Gw10ECwZKo3AP-UaB-m2RqqBUWL7DiB9CqZiPKA1XpkQXCJnnvIx9js1rlBN458oM4RnNsoW-LCubJQbrivE8O&gsessionid=bqy0VtmMfTuikTO2lxaitTZqfsZ47FnYqSdnC8NA1cQUbAtCU1brqg
https://www.google.com/goto?url=CAESlAEBxCJF153GKKncTWf2iXN40lKoD4o9ZZgJ32Z6UWB5oaRj_ZhwCkiS7YdpbmuMIqLhoBuHsPVJBWECMWIb6JZckTvjHrYNkixs388OH5uEsv3oh9Gw10ECwZKo3AP-UaB-m2RqqBUWL7DiB9CqZiPKA1XpkQXCJnnvIx9js1rlBN458oM4RnNsoW-LCubJQbrivE8O&gsessionid=bqy0VtmMfTuikTO2lxaitTZqfsZ47FnYqSdnC8NA1cQUbAtCU1brqg
https://www.researchgate.net/publication/415181942_Integrated_multitrophic_aquaculture_Advancing_sustainability_and_environmental_stewardship
https://www.researchgate.net/publication/415181942_Integrated_multitrophic_aquaculture_Advancing_sustainability_and_environmental_stewardship
https://www.researchgate.net/publication/415181942_Integrated_multitrophic_aquaculture_Advancing_sustainability_and_environmental_stewardship
https://www.researchgate.net/publication/385128208_Seaweeds_in_Integrated_Multi-Trophic_Aquaculture_Environmental_Benefits_and_Bioactive_Compounds_Production
https://www.researchgate.net/publication/385128208_Seaweeds_in_Integrated_Multi-Trophic_Aquaculture_Environmental_Benefits_and_Bioactive_Compounds_Production
https://www.researchgate.net/publication/385128208_Seaweeds_in_Integrated_Multi-Trophic_Aquaculture_Environmental_Benefits_and_Bioactive_Compounds_Production
https://www.researchgate.net/publication/240238159_INTEGRATED_MULTI_-_TROPHIC_AQUACULTURE_IMTA_A_POTENTIAL_STRATEGIC_CHOICE_FOR_FARMERS
https://www.researchgate.net/publication/240238159_INTEGRATED_MULTI_-_TROPHIC_AQUACULTURE_IMTA_A_POTENTIAL_STRATEGIC_CHOICE_FOR_FARMERS
https://www.researchgate.net/publication/240238159_INTEGRATED_MULTI_-_TROPHIC_AQUACULTURE_IMTA_A_POTENTIAL_STRATEGIC_CHOICE_FOR_FARMERS
https://www.researchgate.net/publication/240238159_INTEGRATED_MULTI_-_TROPHIC_AQUACULTURE_IMTA_A_POTENTIAL_STRATEGIC_CHOICE_FOR_FARMERS
https://www.mdpi.com/2304-8158/14/6/1020
https://www.mdpi.com/2304-8158/14/6/1020
https://www.mdpi.com/2304-8158/14/6/1020
https://www.mdpi.com/2304-8158/14/6/1020
https://ecowin.org/pdf/documents/Wu 2015 Eutrophication and IMTA seaweeds.pdf
https://ecowin.org/pdf/documents/Wu 2015 Eutrophication and IMTA seaweeds.pdf
https://ecowin.org/pdf/documents/Wu 2015 Eutrophication and IMTA seaweeds.pdf
https://www.journalijdr.com/sites/default/files/issue-pdf/28143.pdf
https://www.journalijdr.com/sites/default/files/issue-pdf/28143.pdf
https://pubmed.ncbi.nlm.nih.gov/35643144/
https://pubmed.ncbi.nlm.nih.gov/35643144/
https://pubmed.ncbi.nlm.nih.gov/35643144/
https://pubmed.ncbi.nlm.nih.gov/35643144/
https://www.mdpi.com/2673-9410/5/1/10
https://www.mdpi.com/2673-9410/5/1/10
https://www.mdpi.com/2673-9410/5/1/10
https://www.researchgate.net/publication/410892723_The_Role_of_Seaweed_in_Carbon_Sequestration_and_Climate_Change_Mitigation_A_Review_of_Blue_Carbon_Potential
https://www.researchgate.net/publication/410892723_The_Role_of_Seaweed_in_Carbon_Sequestration_and_Climate_Change_Mitigation_A_Review_of_Blue_Carbon_Potential
https://www.researchgate.net/publication/410892723_The_Role_of_Seaweed_in_Carbon_Sequestration_and_Climate_Change_Mitigation_A_Review_of_Blue_Carbon_Potential
https://pubmed.ncbi.nlm.nih.gov/38309363/
https://pubmed.ncbi.nlm.nih.gov/38309363/
https://pubmed.ncbi.nlm.nih.gov/38309363/
https://www.mdpi.com/2077-1312/13/5/882
https://www.mdpi.com/2077-1312/13/5/882
https://www.mdpi.com/2077-1312/13/5/882
https://ideas.repec.org/a/nat/natsus/v6y2023i4d10.1038_s41893-022-01044-x.html
https://ideas.repec.org/a/nat/natsus/v6y2023i4d10.1038_s41893-022-01044-x.html
https://pubmed.ncbi.nlm.nih.gov/42709921/
https://pubmed.ncbi.nlm.nih.gov/42709921/
https://pubmed.ncbi.nlm.nih.gov/42709921/
https://www.researchgate.net/publication/358574769_Assessment_of_Carbon_Sequestration_Capacity_of_Seaweed_in_Climate_Change_Mitigation

Leonel Pereira

WebLog Journal of Aquaculture

Sequestration Capacity of Seaweed in Climate Change Mitigation. ]
Climate Change. 2022; 8: 1-8.

106.Xiao X, Agusti S, Yu Y, Huang Y, Chen W, Hu J, et al. Seaweed farms
provide refugia from ocean acidification. Sci Total Environ. 2021; 776:
145192.

107. Theuerkauf SJ, Barrett LT, Alleway HK, Costa-Pierce BA, St. Gelais A,
Jones RC. Habitat value of bivalve shellfish and seaweed aquaculture for
fish and invertebrates: Pathways, synthesis and next steps. Rev Aquacult.
2022; 14(1): 54-72.

108.Duffy JE. Amphipods on seaweeds: partners or pests? Oecologia. 1990;
83(2): 267-276.

109.Menaa F, Wijesinghe U, Thiripuranathar G, Uzair B, Igbal H, Khan
B, et al. Ecological and Industrial Implications of Dynamic Seaweed-
Associated Microbiota Interactions. Mar Drugs. 2020; 18: 1-25.

110.Ross FWR, Boyd PW, Filbee-Dexter K, Watanabe K, Ortega A, Krause-
Jensen D, et al. Potential role of seaweeds in climate change mitigation.
Sci Total Environ. 2023; 885: 163699.

111.Eggertsen M, Halling C. Knowledge gaps and management
recommendations for future paths of sustainable seaweed farming in the
Western Indian Ocean. Ambio. 2021; 50(1): 60-73.

112.Sultana F, Wahab MA, Nahiduzzaman M, Mohiuddin M, Igbal MZ,
Shakil A, et al. Seaweed farming for food and nutritional security, climate
change mitigation and adaptation, and women empowerment: A review.
Aquaculture and Fisheries. 2023; 8(5): 463-480.

113.Garcfa-Poza S, Leandro A, Cotas C, Cotas J, Marques JC, Pereira L, et al.
The Evolution Road of Seaweed Aquaculture: Cultivation Technologies
and the Industry 4.0. Int ] Environ Res Public Health. 2020; 17(18): 6528.

114.Nabti E, Jha B, Hartmann A. Impact of seaweeds on agricultural crop
production as biofertilizer. Int ] Environ Sci Technol. 2017; 14(5): 1119-
1134.

115.Chaurasiya S, Preuss N, You F. Life cycle assessment of seaweed-based
biorefineries: environmental impacts, hotspots, and pathways for a
circular bioeconomy. RSC Sustainability. 2026; 4(5): 2011-2041.

116.Sharma A, Dubey S, Singh K, Mittal R, Quille P, Rajauria G. Innovative
Processing and Industrial Applications of Seaweed. Phycology. 2025; 5:
10.

117.Penalver R, Lorenzo JM, Ros G, Amarowicz R, Pateiro M, Nieto G.
Seaweeds as a Functional Ingredient for a Healthy Diet. Mar Drugs. 2020;
18(6): 301.

118.Pereira L, Cotas J, Gongalves AM. Seaweed Proteins: A Step towards
Sustainability? Nutrients. 2024; 16(8): 1123.

119.Circuncisio AR, Catarino MD, Cardoso SM, Silva AMS. Minerals from
Macroalgae Origin: Health Benefits and Risks for Consumers. Mar Drugs.
2018; 16(11): 400.

120. Michalak I, Tiwari R, Dhawan M, Alagawany M, Farag MR, Sharun K, et
al. Antioxidant effects of seaweeds and their active compounds on animal
health and production - a review. Vet Q. 2022; 42(1): 48-67.

121.Mohammadi N, Ostovar N. From Sea to Sweet: Seaweed's Role in
Nutritious and Sustainable Confectionery. Comprehens Rev Food Sci
Food Saf. 2026; 25(1): €70361.

122.Abdul K, Lai TK, Tye YY, Rizal S, Chong EWN, Yap SW, et al. A review
of extractions of seaweed hydrocolloids: Properties and applications.
Express Polym Lett. 2018; 12(4): 296-317.

123.Bojorges H, Lopez-Rubio A, Martinez-Abad A, Fabra MJ. Overview of
alginate extraction processes: Impact on alginate molecular structure and
techno-functional properties. Trend Food Sci Technol. 2023; 140: 104142.

124.Jayakody MM, Kaushani KG, Vanniarachchy MPG, Wijesekara I
Hydrocolloid and water soluble polymers used in the food industry and

their functional properties: a review. Polymer Bull. 2023; 80(4): 3585-610.

125.Adim S, Afridi MF, El Baakili S, Fatimi A, Bouissane L. Alginate-based
biomaterials as versatile carriers for biomedical applications. Carbohydr
Polym. 2026; 390: 125752.

126.Lee W-K, Lim Y-Y, Leow AT-C, Namasivayam P, Ong Abdullah J, Ho
C-L. Biosynthesis of agar in red seaweeds: A review. Carbohydr Polym.
2017; 164: 23-30.

127.Das N, Triparthi N, Basu S, Bose C, Maitra S, Khurana S. Progress
in the development of gelling agents for improved culturability of
microorganisms. Front Microbiol. 2015; 6: 698.

128. Armisén R, Gaiatas F. 4 - Agar. Woodhead Publishing. 2009.

129.Arslan S, Kiyar M, Akyiiz I, Afailal O, Sari RN, Ziber MH, et al.
Carrageenan: Food Additive or Health Concern? A Comprehensive
Review. Ann Nutr Metab. 2026.

130.Ratu RN, Stoica F, Balint BA, Velescu ID, Crivei IC, Lucaci S-P, et al. Agri-
Food By-Products in Dairy Sector a Review Focused on Phytochemicals,
Extraction Methods Health Benefits and Applications. Foods. 2026; 15(7):
1266.

131.Kozlowska J, Bakula A, Noryca K. Development and Characterization
of Carrageenan-Based Hydrogels Enriched with Calendula officinalis
Extract for Topical Skin Applications. Polymers. 2026; 18(19): 2436.

132.Zhang ], Langford Z, Waldron S. The global carrageenan industry. 2024.

133.Farsani MS, Forooghi E, Rastegar H. Plant-based hydrocolloids as
functional and sustainable alternatives to gelatin in food systems: Sources,
properties, applications, and critical challenges. Food Hydrocolloids for
Health. 2026; 9: 100293.

134.Staykov N, Kanojia A, Lyall R, Ivanova V, Alseekh S, Petrov V, et al.
Sustainable agriculture through seaweed biostimulants: a two-year study
demonstrates yield enhancement in pepper and eggplant. Front Plant Sci.
2025; 16: 1655340.

135.Siddik MAB, Francis P, Rohani MF, Azam MS, Mock TS, Francis DS.
Seaweed and Seaweed-Based Functional Metabolites as Potential
Modulators of Growth, Immune and Antioxidant Responses, and Gut
Microbiota in Fish. Antioxidants. 2023; 12(12): 2066.

136.Reski S, Mahata ME, Rizal Y, Dewi YL. Alginate oligosaccharides derived
from tropical brown seaweeds as sustainable alternatives to antibiotic
growth promoters in poultry nutrition: Functional mechanisms and
production perspectives. Vet World, 2026; 19(1): 224-263.

137.Morais T, Indcio A, Coutinho T, Ministro M, Cotas ], Pereira L, et al.
Seaweed Potential in the Animal Feed: A Review. ] Mar Sci Eng. 2020;
8(8): 559.

138.Angellotti M, Lindberg M, Ramin M, Krizsan SJ, Danielsson R.
Asparagopsis taxiformis supplementation to mitigate enteric methane
emissions in dairy cows—Effects on performance and metabolism. J
Dairy Sci. 2025; 108(3): 2503-2516.

139.Handique B, Pde D, Chaudhary MB, Aderao GN, Lokesha E, Devi YR, et
al. Seaweed as a potential livestock and aquaculture feed: a review. Proc
Ind Natl Sci Acad. 2026.

140. Mathew G, Khandelwal A, Ghosh S. Nutraceutical potential of seaweeds:
Extraction strategies, encapsulation techniques and health applications.
Result Chem. 2026; 29: 103683.

141.Pereira L, Valado A. Beyond Nutrition: The Therapeutic Promise of
Seaweed-Derived Polysaccharides Against Bacterial and Viral Threats.
Mar Drugs. 2025; 23(10): 407.

142.Karuppusamy S, Rajauria G, Fitzpatrick S, Lyons H, McMahon H,
Curtin J, et al. Biological Properties and Health-Promoting Functions of
Laminarin: A Comprehensive Review of Preclinical and Clinical Studies.
Mar Drugs. 2022; 20(12): 772.

WebLog Open Access Publications

wjaq.2026.k1205


http://www.weblogoa.com
https://www.researchgate.net/publication/358574769_Assessment_of_Carbon_Sequestration_Capacity_of_Seaweed_in_Climate_Change_Mitigation
https://www.researchgate.net/publication/358574769_Assessment_of_Carbon_Sequestration_Capacity_of_Seaweed_in_Climate_Change_Mitigation
https://pubmed.ncbi.nlm.nih.gov/33640549/
https://pubmed.ncbi.nlm.nih.gov/33640549/
https://pubmed.ncbi.nlm.nih.gov/33640549/
https://www.researchgate.net/publication/352740485_Habitat_value_of_bivalve_shellfish_and_seaweed_aquaculture_for_fish_and_invertebrates_Pathways_synthesis_and_next_steps
https://www.researchgate.net/publication/352740485_Habitat_value_of_bivalve_shellfish_and_seaweed_aquaculture_for_fish_and_invertebrates_Pathways_synthesis_and_next_steps
https://www.researchgate.net/publication/352740485_Habitat_value_of_bivalve_shellfish_and_seaweed_aquaculture_for_fish_and_invertebrates_Pathways_synthesis_and_next_steps
https://www.researchgate.net/publication/352740485_Habitat_value_of_bivalve_shellfish_and_seaweed_aquaculture_for_fish_and_invertebrates_Pathways_synthesis_and_next_steps
https://www.google.com/goto?url=CAESZgHEIkXXRtPy8sOAk6tQ0pKXtqr5rx0D-w8RXkNjQSUXRlxXZbg51U5DOInu3XlPa3qVjYMYMp1ASNlrJyHWLQwn8nFksIUKpQnPWNiansPyasvXl5GLM9Iktz80FN5SiXqKXdRLzg&gsessionid=dPHXpNTDKNXmzApra-6qSGrIUHZvjNu9JDWazJFEfa2pPtSyLV7msA
https://www.google.com/goto?url=CAESZgHEIkXXRtPy8sOAk6tQ0pKXtqr5rx0D-w8RXkNjQSUXRlxXZbg51U5DOInu3XlPa3qVjYMYMp1ASNlrJyHWLQwn8nFksIUKpQnPWNiansPyasvXl5GLM9Iktz80FN5SiXqKXdRLzg&gsessionid=dPHXpNTDKNXmzApra-6qSGrIUHZvjNu9JDWazJFEfa2pPtSyLV7msA
https://pubmed.ncbi.nlm.nih.gov/33327517/
https://pubmed.ncbi.nlm.nih.gov/33327517/
https://pubmed.ncbi.nlm.nih.gov/33327517/
https://pubmed.ncbi.nlm.nih.gov/37149169/
https://pubmed.ncbi.nlm.nih.gov/37149169/
https://pubmed.ncbi.nlm.nih.gov/37149169/
https://www.google.com/goto?url=CAESZgHEIkXXdiHBm92GqmvgXT4C1DCRXhzQgWqY-H76psEEy0rCQRYTOhgHRhEDj_iAA7KKdheWEOL3iMsFvdfxz7_rBtfbGkO47JJShKSzq8mVRYCMXl1YdYcpHYxVorxjsFTAilsYdw&gsessionid=sEzvEwT1Fvl3rMs1AVEOKQK9h23mjM4sv4DHOuVLm21Rk5UuukEA1Q
https://www.google.com/goto?url=CAESZgHEIkXXdiHBm92GqmvgXT4C1DCRXhzQgWqY-H76psEEy0rCQRYTOhgHRhEDj_iAA7KKdheWEOL3iMsFvdfxz7_rBtfbGkO47JJShKSzq8mVRYCMXl1YdYcpHYxVorxjsFTAilsYdw&gsessionid=sEzvEwT1Fvl3rMs1AVEOKQK9h23mjM4sv4DHOuVLm21Rk5UuukEA1Q
https://www.google.com/goto?url=CAESZgHEIkXXdiHBm92GqmvgXT4C1DCRXhzQgWqY-H76psEEy0rCQRYTOhgHRhEDj_iAA7KKdheWEOL3iMsFvdfxz7_rBtfbGkO47JJShKSzq8mVRYCMXl1YdYcpHYxVorxjsFTAilsYdw&gsessionid=sEzvEwT1Fvl3rMs1AVEOKQK9h23mjM4sv4DHOuVLm21Rk5UuukEA1Q
https://www.researchgate.net/publication/364335280_Seaweed_farming_for_food_and_nutritional_security_climate_change_mitigation_and_adaptation_and_women_empowerment_A_review
https://www.researchgate.net/publication/364335280_Seaweed_farming_for_food_and_nutritional_security_climate_change_mitigation_and_adaptation_and_women_empowerment_A_review
https://www.researchgate.net/publication/364335280_Seaweed_farming_for_food_and_nutritional_security_climate_change_mitigation_and_adaptation_and_women_empowerment_A_review
https://www.researchgate.net/publication/364335280_Seaweed_farming_for_food_and_nutritional_security_climate_change_mitigation_and_adaptation_and_women_empowerment_A_review
https://pubmed.ncbi.nlm.nih.gov/32911710/
https://pubmed.ncbi.nlm.nih.gov/32911710/
https://pubmed.ncbi.nlm.nih.gov/32911710/
https://www.google.com/goto?url=CAESeAHEIkXXe3zQ5NLwrgtadQkzOAooPEf06eNsKH86r4McXlkZhb73vQeBdPzwHAuGRRk_vcFufrv9yCjnlu5ykutyNH8ELMBfC8HMs8xAHS82v2G4e-neLTEJmI7j957DcS45iS3bEKjnRK0zgv6mNqOmlpwuhHlGuA&gsessionid=QUzExCb0lBP5CdDYbdKmHQmE5WVNyJeuMqjVvN3SNd-6dK4s-7VoRQ
https://www.google.com/goto?url=CAESeAHEIkXXe3zQ5NLwrgtadQkzOAooPEf06eNsKH86r4McXlkZhb73vQeBdPzwHAuGRRk_vcFufrv9yCjnlu5ykutyNH8ELMBfC8HMs8xAHS82v2G4e-neLTEJmI7j957DcS45iS3bEKjnRK0zgv6mNqOmlpwuhHlGuA&gsessionid=QUzExCb0lBP5CdDYbdKmHQmE5WVNyJeuMqjVvN3SNd-6dK4s-7VoRQ
https://www.google.com/goto?url=CAESeAHEIkXXe3zQ5NLwrgtadQkzOAooPEf06eNsKH86r4McXlkZhb73vQeBdPzwHAuGRRk_vcFufrv9yCjnlu5ykutyNH8ELMBfC8HMs8xAHS82v2G4e-neLTEJmI7j957DcS45iS3bEKjnRK0zgv6mNqOmlpwuhHlGuA&gsessionid=QUzExCb0lBP5CdDYbdKmHQmE5WVNyJeuMqjVvN3SNd-6dK4s-7VoRQ
https://www.google.com/goto?url=CAEShAEBxCJF12nwfdBpxyqiTjS5fy2uq8RIQPUcWGyhOdp5itrjTjJ0706rgGLh31WZMRgEjFosRCP_UN-QfWqxjMKaLITvp1YmAbL0FKcQdBA6HkKpe2Js8J6j62Sd2zQv9vd3Q20urmje7eovrkq4xXYj37-lA0J58IvkDrea42IeHGJJGBE&gsessionid=f-3vouG46eb-nFWAA3it5-29Y4H32JJlAkf1a3FZfNSIBUZ8oekstA
https://www.google.com/goto?url=CAEShAEBxCJF12nwfdBpxyqiTjS5fy2uq8RIQPUcWGyhOdp5itrjTjJ0706rgGLh31WZMRgEjFosRCP_UN-QfWqxjMKaLITvp1YmAbL0FKcQdBA6HkKpe2Js8J6j62Sd2zQv9vd3Q20urmje7eovrkq4xXYj37-lA0J58IvkDrea42IeHGJJGBE&gsessionid=f-3vouG46eb-nFWAA3it5-29Y4H32JJlAkf1a3FZfNSIBUZ8oekstA
https://www.google.com/goto?url=CAEShAEBxCJF12nwfdBpxyqiTjS5fy2uq8RIQPUcWGyhOdp5itrjTjJ0706rgGLh31WZMRgEjFosRCP_UN-QfWqxjMKaLITvp1YmAbL0FKcQdBA6HkKpe2Js8J6j62Sd2zQv9vd3Q20urmje7eovrkq4xXYj37-lA0J58IvkDrea42IeHGJJGBE&gsessionid=f-3vouG46eb-nFWAA3it5-29Y4H32JJlAkf1a3FZfNSIBUZ8oekstA
https://www.mdpi.com/2673-9410/5/1/10
https://www.mdpi.com/2673-9410/5/1/10
https://www.mdpi.com/2673-9410/5/1/10
https://www.google.com/goto?url=CAESYgHEIkXXQ4XTKB5SEsit_gwhsPRQxkERq3AxBJGkRl4_0Rx7IveJ7R_DrCjTdZgfm30I56JA2RazUT0QD1XMVIq9AHReZcIIKxyr4EUDYcvausLt7VuXouqZ1OQrbVX_BOi1&gsessionid=1mROpH40Wh5ycWJ8hZ6s4N4I8YstjWGN7LuO_8j1JDuG6Q12RKSL7w
https://www.google.com/goto?url=CAESYgHEIkXXQ4XTKB5SEsit_gwhsPRQxkERq3AxBJGkRl4_0Rx7IveJ7R_DrCjTdZgfm30I56JA2RazUT0QD1XMVIq9AHReZcIIKxyr4EUDYcvausLt7VuXouqZ1OQrbVX_BOi1&gsessionid=1mROpH40Wh5ycWJ8hZ6s4N4I8YstjWGN7LuO_8j1JDuG6Q12RKSL7w
https://www.google.com/goto?url=CAESYgHEIkXXQ4XTKB5SEsit_gwhsPRQxkERq3AxBJGkRl4_0Rx7IveJ7R_DrCjTdZgfm30I56JA2RazUT0QD1XMVIq9AHReZcIIKxyr4EUDYcvausLt7VuXouqZ1OQrbVX_BOi1&gsessionid=1mROpH40Wh5ycWJ8hZ6s4N4I8YstjWGN7LuO_8j1JDuG6Q12RKSL7w
https://www.google.com/goto?url=CAESZQHEIkXXFxcLKvv7t0S8AY3lWNqCtmCp3wcZpgSGx8X0OMIH2fvLNFZ0K4tquKf5JTIPcvDb0FdTLv8PbagBncnFPoHy-TAZWrB9XkG7EbB9wEZdg5e4EGH0ZJ4ZqpAL2jSIn9HB&gsessionid=51aK0YoxBODmjcSE27khO0mI90DRpCqcT2Rmo10eqOOInCfLc53wcw
https://www.google.com/goto?url=CAESZQHEIkXXFxcLKvv7t0S8AY3lWNqCtmCp3wcZpgSGx8X0OMIH2fvLNFZ0K4tquKf5JTIPcvDb0FdTLv8PbagBncnFPoHy-TAZWrB9XkG7EbB9wEZdg5e4EGH0ZJ4ZqpAL2jSIn9HB&gsessionid=51aK0YoxBODmjcSE27khO0mI90DRpCqcT2Rmo10eqOOInCfLc53wcw
https://pmc.ncbi.nlm.nih.gov/articles/PMC6266857/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6266857/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6266857/
https://pubmed.ncbi.nlm.nih.gov/35363108/
https://pubmed.ncbi.nlm.nih.gov/35363108/
https://pubmed.ncbi.nlm.nih.gov/35363108/
https://ift.onlinelibrary.wiley.com/doi/10.1111/1541-4337.70361
https://ift.onlinelibrary.wiley.com/doi/10.1111/1541-4337.70361
https://ift.onlinelibrary.wiley.com/doi/10.1111/1541-4337.70361
https://www.expresspolymlett.com/article.php?a=EPL-0008729
https://www.expresspolymlett.com/article.php?a=EPL-0008729
https://www.expresspolymlett.com/article.php?a=EPL-0008729
https://www.google.com/goto?url=CAESgAEBxCJF1xiUHmwixT9x2qszErmxvJDQeIBNkP2MBHQ3XnkzvpfmN1KeMAfbHH9Q9VxOEEiQ2CvyJcKRBbSuy43CU_mM6RYA1AX2ucjCa5P1oY4CTgc7AsBNDDzzWmmW8_Xk6ha-VMwCAzqxP5GzTleO7hpCTAKN2-wJbXdcdpbQRQ&gsessionid=tUnP9VXK48G4bjTecIMPkNVt5CWKkrPdTA5J9pgjPMyV9l2WXaqS_w
https://www.google.com/goto?url=CAESgAEBxCJF1xiUHmwixT9x2qszErmxvJDQeIBNkP2MBHQ3XnkzvpfmN1KeMAfbHH9Q9VxOEEiQ2CvyJcKRBbSuy43CU_mM6RYA1AX2ucjCa5P1oY4CTgc7AsBNDDzzWmmW8_Xk6ha-VMwCAzqxP5GzTleO7hpCTAKN2-wJbXdcdpbQRQ&gsessionid=tUnP9VXK48G4bjTecIMPkNVt5CWKkrPdTA5J9pgjPMyV9l2WXaqS_w
https://www.google.com/goto?url=CAESgAEBxCJF1xiUHmwixT9x2qszErmxvJDQeIBNkP2MBHQ3XnkzvpfmN1KeMAfbHH9Q9VxOEEiQ2CvyJcKRBbSuy43CU_mM6RYA1AX2ucjCa5P1oY4CTgc7AsBNDDzzWmmW8_Xk6ha-VMwCAzqxP5GzTleO7hpCTAKN2-wJbXdcdpbQRQ&gsessionid=tUnP9VXK48G4bjTecIMPkNVt5CWKkrPdTA5J9pgjPMyV9l2WXaqS_w
https://www.google.com/goto?url=CAES2wEBxCJF1-I3RYtsiMoS4cDs7ynY9x8KQ_5QUbL3Nk83mg8pYnJLsh2xAzUHENq1nUJDMBryayT4fxMpc8dWkK_1HEVf1PZmWglxlsjTCVwKIkWuac8rk3U6wZnZIHEmBOckjO_e_Va2JX9Mo7WzTvnxZyk8SrvixY9_Z3ARn0WNZlMsz0QilG68yRt5-unqIf4mBaMasgLwc7PDiYlxJvLGDUnqp6c9vDTXWF23WL1ZwZnFmima2VCH7p3iOvDylLZMmaCsmff_2xKlHWvBRdbbhy2Ai-1aCiRnFmk&gsessionid=sa9L75RDXoJLWq07pMbLYOhy-MBgJn64krJFNwVTGIH7BjMV02gGNw
https://www.google.com/goto?url=CAES2wEBxCJF1-I3RYtsiMoS4cDs7ynY9x8KQ_5QUbL3Nk83mg8pYnJLsh2xAzUHENq1nUJDMBryayT4fxMpc8dWkK_1HEVf1PZmWglxlsjTCVwKIkWuac8rk3U6wZnZIHEmBOckjO_e_Va2JX9Mo7WzTvnxZyk8SrvixY9_Z3ARn0WNZlMsz0QilG68yRt5-unqIf4mBaMasgLwc7PDiYlxJvLGDUnqp6c9vDTXWF23WL1ZwZnFmima2VCH7p3iOvDylLZMmaCsmff_2xKlHWvBRdbbhy2Ai-1aCiRnFmk&gsessionid=sa9L75RDXoJLWq07pMbLYOhy-MBgJn64krJFNwVTGIH7BjMV02gGNw
https://www.google.com/goto?url=CAES2wEBxCJF1-I3RYtsiMoS4cDs7ynY9x8KQ_5QUbL3Nk83mg8pYnJLsh2xAzUHENq1nUJDMBryayT4fxMpc8dWkK_1HEVf1PZmWglxlsjTCVwKIkWuac8rk3U6wZnZIHEmBOckjO_e_Va2JX9Mo7WzTvnxZyk8SrvixY9_Z3ARn0WNZlMsz0QilG68yRt5-unqIf4mBaMasgLwc7PDiYlxJvLGDUnqp6c9vDTXWF23WL1ZwZnFmima2VCH7p3iOvDylLZMmaCsmff_2xKlHWvBRdbbhy2Ai-1aCiRnFmk&gsessionid=sa9L75RDXoJLWq07pMbLYOhy-MBgJn64krJFNwVTGIH7BjMV02gGNw
https://pubmed.ncbi.nlm.nih.gov/42692624/
https://pubmed.ncbi.nlm.nih.gov/42692624/
https://pubmed.ncbi.nlm.nih.gov/42692624/
https://pubmed.ncbi.nlm.nih.gov/28325321/
https://pubmed.ncbi.nlm.nih.gov/28325321/
https://pubmed.ncbi.nlm.nih.gov/28325321/
https://pubmed.ncbi.nlm.nih.gov/26257708/
https://pubmed.ncbi.nlm.nih.gov/26257708/
https://pubmed.ncbi.nlm.nih.gov/26257708/
https://www.sciencedirect.com/science/chapter/edited-volume/abs/pii/B9781845694142500047?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/42560937/
https://pubmed.ncbi.nlm.nih.gov/42560937/
https://pubmed.ncbi.nlm.nih.gov/42560937/
https://www.mdpi.com/2304-8158/15/7/1266
https://www.mdpi.com/2304-8158/15/7/1266
https://www.mdpi.com/2304-8158/15/7/1266
https://www.mdpi.com/2304-8158/15/7/1266
https://www.google.com/goto?url=CAESZgHEIkXXY0JN96l-JOjMa4nZWixKVtHkM4PTLaLBp_ye8qkqxkVRXdaWylZo6awHxzTWvZ4_hPbmQHsZuDh8RKZn3tYmFhbnN2ltUapaw1TOHuVEZ3L39klROOlksjEsNEaJb4_9rw&gsessionid=-q-1l6AtqR2pedyzpGPXD7gyCaV4p6wgU6_ZTBaJ4DWm1HyKp6jPSw
https://www.google.com/goto?url=CAESZgHEIkXXY0JN96l-JOjMa4nZWixKVtHkM4PTLaLBp_ye8qkqxkVRXdaWylZo6awHxzTWvZ4_hPbmQHsZuDh8RKZn3tYmFhbnN2ltUapaw1TOHuVEZ3L39klROOlksjEsNEaJb4_9rw&gsessionid=-q-1l6AtqR2pedyzpGPXD7gyCaV4p6wgU6_ZTBaJ4DWm1HyKp6jPSw
https://www.google.com/goto?url=CAESZgHEIkXXY0JN96l-JOjMa4nZWixKVtHkM4PTLaLBp_ye8qkqxkVRXdaWylZo6awHxzTWvZ4_hPbmQHsZuDh8RKZn3tYmFhbnN2ltUapaw1TOHuVEZ3L39klROOlksjEsNEaJb4_9rw&gsessionid=-q-1l6AtqR2pedyzpGPXD7gyCaV4p6wgU6_ZTBaJ4DWm1HyKp6jPSw
https://www.google.com/goto?url=CAESjwEBxCJF1xNSTIjgmzUncsKA55uAI6fGpbpwOFJuq_29gMX8LBPMrOgM41fsHeqcPgqfy5NecTmu1dQZvQSObMR4_CzwHA55ucpkDGQYF6mb58QY3o1f3JpFobQcj7bT7PdVN4nlrdNOSSI9ae0U2GOack4OFyUrps_qsKqqSoau6tfdrF96kSM_MKcW2hNRAA&gsessionid=9oVjVAWkn_DuMCwokq3RT9hpIpNvXm3rq1NG-2_CD2XOfy2qN378Ew
https://doi.org/10.1016/j.fhfh.2026.100293
https://doi.org/10.1016/j.fhfh.2026.100293
https://doi.org/10.1016/j.fhfh.2026.100293
https://doi.org/10.1016/j.fhfh.2026.100293
https://pubmed.ncbi.nlm.nih.gov/40989726/
https://pubmed.ncbi.nlm.nih.gov/40989726/
https://pubmed.ncbi.nlm.nih.gov/40989726/
https://pubmed.ncbi.nlm.nih.gov/40989726/
https://pubmed.ncbi.nlm.nih.gov/38136186/
https://pubmed.ncbi.nlm.nih.gov/38136186/
https://pubmed.ncbi.nlm.nih.gov/38136186/
https://pubmed.ncbi.nlm.nih.gov/38136186/
https://doi.org/10.14202/vetworld.2026.224-263
https://doi.org/10.14202/vetworld.2026.224-263
https://doi.org/10.14202/vetworld.2026.224-263
https://doi.org/10.14202/vetworld.2026.224-263
https://www.mdpi.com/2077-1312/8/8/559
https://www.mdpi.com/2077-1312/8/8/559
https://www.mdpi.com/2077-1312/8/8/559
https://doi.org/10.3168/jds.2024-25258
https://doi.org/10.3168/jds.2024-25258
https://doi.org/10.3168/jds.2024-25258
https://doi.org/10.3168/jds.2024-25258
https://doi.org/10.1007/s43538-026-00888-7
https://doi.org/10.1007/s43538-026-00888-7
https://doi.org/10.1007/s43538-026-00888-7
https://www.google.com/goto?url=CAESgAEBxCJF17MLF2gJ72dX0y5B6FPnA3H0IuOZPGf2XoG3f1yFBqM2FpByLtTvS8JlYNLYxs4vW3KQ1XxKrkaCaOFpM85B3BR4FefVvuIhtmUHvt-U_ntOUMh8H-NjbNn0cyvt-J2RqJM_XWMIPHQhJyc1MizxOf_L5AT3lQTDJcS6vQ&gsessionid=KQv7MDvNhLpCdr8rdxMSruqUPpxWwH9bD0h4jD5znUCQH82WNW24_w
https://www.google.com/goto?url=CAESgAEBxCJF17MLF2gJ72dX0y5B6FPnA3H0IuOZPGf2XoG3f1yFBqM2FpByLtTvS8JlYNLYxs4vW3KQ1XxKrkaCaOFpM85B3BR4FefVvuIhtmUHvt-U_ntOUMh8H-NjbNn0cyvt-J2RqJM_XWMIPHQhJyc1MizxOf_L5AT3lQTDJcS6vQ&gsessionid=KQv7MDvNhLpCdr8rdxMSruqUPpxWwH9bD0h4jD5znUCQH82WNW24_w
https://www.google.com/goto?url=CAESgAEBxCJF17MLF2gJ72dX0y5B6FPnA3H0IuOZPGf2XoG3f1yFBqM2FpByLtTvS8JlYNLYxs4vW3KQ1XxKrkaCaOFpM85B3BR4FefVvuIhtmUHvt-U_ntOUMh8H-NjbNn0cyvt-J2RqJM_XWMIPHQhJyc1MizxOf_L5AT3lQTDJcS6vQ&gsessionid=KQv7MDvNhLpCdr8rdxMSruqUPpxWwH9bD0h4jD5znUCQH82WNW24_w
https://pubmed.ncbi.nlm.nih.gov/41149610/
https://pubmed.ncbi.nlm.nih.gov/41149610/
https://pubmed.ncbi.nlm.nih.gov/41149610/
https://www.google.com/goto?url=CAESbgHEIkXXfXuXARRHVUcFJ9Bb1eQZvWxYGrQ91tdg1oG3dH27ie3YUHy1hNPFwhM93OcQ1Bi-NFX__ZqlAOihozkuyVn4G4EMMORJPljJpR0rcsdksmoPeCtYQhl53zv8SH3hGAfQaWgnMmyNO5aN&gsessionid=GOEMCQFjBlpR0hnWwxqjx4GnJtv8mtnFHk3iC20ls0ubL2Df4kWfXQ
https://www.google.com/goto?url=CAESbgHEIkXXfXuXARRHVUcFJ9Bb1eQZvWxYGrQ91tdg1oG3dH27ie3YUHy1hNPFwhM93OcQ1Bi-NFX__ZqlAOihozkuyVn4G4EMMORJPljJpR0rcsdksmoPeCtYQhl53zv8SH3hGAfQaWgnMmyNO5aN&gsessionid=GOEMCQFjBlpR0hnWwxqjx4GnJtv8mtnFHk3iC20ls0ubL2Df4kWfXQ
https://www.google.com/goto?url=CAESbgHEIkXXfXuXARRHVUcFJ9Bb1eQZvWxYGrQ91tdg1oG3dH27ie3YUHy1hNPFwhM93OcQ1Bi-NFX__ZqlAOihozkuyVn4G4EMMORJPljJpR0rcsdksmoPeCtYQhl53zv8SH3hGAfQaWgnMmyNO5aN&gsessionid=GOEMCQFjBlpR0hnWwxqjx4GnJtv8mtnFHk3iC20ls0ubL2Df4kWfXQ
https://www.google.com/goto?url=CAESbgHEIkXXfXuXARRHVUcFJ9Bb1eQZvWxYGrQ91tdg1oG3dH27ie3YUHy1hNPFwhM93OcQ1Bi-NFX__ZqlAOihozkuyVn4G4EMMORJPljJpR0rcsdksmoPeCtYQhl53zv8SH3hGAfQaWgnMmyNO5aN&gsessionid=GOEMCQFjBlpR0hnWwxqjx4GnJtv8mtnFHk3iC20ls0ubL2Df4kWfXQ

Leonel Pereira

WebLog Journal of Aquaculture

143.Neenu S, Mary Fabiola GS, Roseline Jebapriya G, Santhanam P. Brown
algae as a reservoir of phlorotannins: Advances in functional and
pharmaceutical potentials. Next Res. 2026; 11: 101971.

144.Torres MD, Florez-Fernandez N, Dominguez H. Integral Utilization of
Red Seaweed for Bioactive Production. Mar Drugs. 2019; 17(6): 314.

145.Wichard T, Mapelli-Brahm P, Barba FJ, Domingues R, Guttman L,
Hutarova L, et al. Green seaweed Ulva spp. bioprocessing: Bioactive
molecules, emerging extraction technologies, and industrial applications
in the circular bioeconomy. Bioresour Technol. 2026; 445: 134066.

146.Pereira L. Bioactive Metabolites from Portuguese Atlantic Seaweeds:
Diversity, Chemical Profiles, and Emerging Biotechnological
Applications. Molecules. 2026; 31(4): 615.

147.Fasahati P, Dickson R, Saffron CM, Woo HC, Liu JJ. Seaweeds as a
sustainable source of bioenergy: Techno-economic and life cycle analyses
of its biochemical conversion pathways. Renew Sustain Energy Rev. 2022;
157: 112011.

148.Nagula K, Sati H, Trivedi N, Reddy CRK. Biofuels and bioproducts from
seaweeds. Elsevier. 2022.

149.0ffei F, Mensah M, Thygesen A, Kemausuor F. Seaweed Bioethanol
Production: A Process Selection Review on Hydrolysis and Fermentation.
Fermentation. 2018; 4(4): 99.

150.Ramachandra TV, Hebbale D. Bioethanol from macroalgae: Prospects
and challenges. Renew Sustain Energy Rev. 2020; 117: 109479.

151.Jameel MK, Mustafa MA, Ahmed HS, Mohammed Aj, Ghazy H, Shakir
MN, et al. Biogas: Production, properties, applications, economic and
challenges: A review. Result Chem. 2024; 7: 101549.

152.Harichandan S. Harnessing seaweed for biohydrogen production: An
integrated ecological and energy framework. Int ] Hydrogen Energy.
2025; 136: 1-10.

153.Iboustaten E, Bayssi O, Bousselamti L, Azaroual M, Atmani N, Habchi S, et
al. Advancements in algae-based biocrude upgrading and green hydrogen
integration for sustainable aviation fuel production: a comprehensive
review. Biomass Convers Biorefinery. 2026; 16(18): 336.

154.Saeed A, Qyyum MA, Riaz A, Al-Saadi S, Al-Jahwari F, Al-Muhtaseb
AaH. Carbon-derived and biomass-based sustainable aviation fuel
pathways: A comparative techno-economic and life-cycle review for
aviation decarbonization. Carbon Capture Sci Technol. 2026; 20: 100641.

155.Krishnan RY, Manikandan S, Subbaiya R, Kim W, Karmegam N,
Govarthanan M. Advanced thermochemical conversion of algal biomass
to liquid and gaseous biofuels: A comprehensive review of recent
advances. Sustain Energy Technol Assessments. 2022; 52: 102211.

156.Fasahati P, Dickson R, Saffron CM, Woo HC, Liu JJ. Seaweeds as a
sustainable source of bioenergy: Techno-economic and life cycle analyses
of its biochemical conversion pathways. Renew Sustain Energy Rev. 2022;
157: 112011.

157.Jha S, Singh R, Pandey BK, Tiwari AK, Shukla S, Dikshit A, et al. Recent
aspects of algal biomass for sustainable fuel production: a review. Discov
Sustain. 2024; 5(1): 300.

158.Balina K, Romagnoli F, Blumberga D. Seaweed biorefinery concept for
sustainable use of marine resources. Energy Procedia. 2017; 128: 504-511.

159.Harley CDG, Anderson KM, Demes KW, Jorve JP, Kordas RL, Coyle
TA, et al. Effects of Climate Change on Global Seaweed Communities. J
Phycol. 2012; 48(5): 1064-1078.

160. Veenhof RJ, Burrows MT, Hughes AD, Michalek K, Ross ME, Thomson
AL etal. Sustainable seaweed aquaculture and climate change in the North
Atlantic: challenges and opportunities. Front Mar Sci. 2024; 11: 1483330.

161.Ji Y, Gao K. Effects of climate change factors on marine macroalgae: A
review. Adv Mar Biol. 2021; 88: 91-136.

162.Guibourd de Luzinais V, Gascuel D, Reygondeau G, Cheung WWL. Large
potential impacts of marine heatwaves on ecosystem functioning. Global
Change Biol. 2024; 30(7): e17437.

163. Zemah-Shamir S, Zemah-Shamir Z, Tchetchik A, Haim A, Tchernov D,
Israel A. Cultivating marine macroalgae in CO2-enriched seawater: A
bio-economic approach. Aquaculture. 2021; 544: 737042.

164.Ruddy A. Sustainable Seaweed Farming: Climate Change Impacts and
Commercialization Challenges. IntechOpen. 2026.

165.0ladokun OS. Hydrodynamic Model Tests for Seaweed as a Source of
Energy Reduction during Extreme Events. Aquacult J. 2023; 3(3): 181-
195.

166.Cottier-Cook EJ, Cabarubias JP, Brakel J, Brodie J, Buschmann AH,
Campbell I, et al. A new Progressive Management Pathway for improving
seaweed biosecurity. Nat Commun. 2022; 13(1): 7401.

167.Daunde VVY, Kamble MT, Chavan BR, Palekar GKR, Tayade SH,
Ponpornpisit A, et al. Effects of climate change-induced temperature rise
on crustacean aquaculture: A comprehensive review. Aquacult Fish. 2026;
11(1): 11-32.

168.Edu W, Cottier E, Nagabhatla N, Asri A, Beveridge M, Bianchi P, et
al. Ensuring the Sustainable Future of the Rapidly Expanding Global
Seaweed Aquaculture Industry -A Vision. Policy Brief. 2021; 06: 15.

169.Diirr S, Watson DI. Biofouling and Antifouling in Aquaculture.
Biofouling. 2009.

170.Sahu SK, Ingle KN, Mantri VA. Epiphytism in Seaweed Farming: Causes,
Status, and Implications. Springer International Publishing. 2020.

171.Li ], Majzoub ME, Marzinelli EM, Dai Z, Thomas T, Egan S. Bacterial
controlled mitigation of dysbiosis in a seaweed disease. ISME J. 2022;
16(2): 378-387.

172.Jeyachandran S. Review on climate change, microbial resilience, and
disease risks in global aquaculture systems. Comp Immunol Rep. 2025;
9:200240.

173.Behera DP, Ingle KN, Mathew DE, Dhimmar A, Sahastrabudhe H, Sahu
SK, et al. Epiphytism, diseases and grazing in seaweed aquaculture: A
comprehensive review. Rev Aquacult. 2022; 14(3): 1345-1370.

174.Ward GM, Kambey CSB, Faisan Jr JP, Tan P-L, Daumich CC, Matoju I,
et al. Ice-Ice disease: An environmentally and microbiologically driven
syndrome in tropical seaweed aquaculture. Rev Aquacult. 2022; 14(1):
414-439.

175.Mendez C, Bustamante DE, Calderon MS, Gauna C, Hayashi L, Robledo
D, et al. Biosecurity baseline for a sustainable development of seaweed
aquaculture in Latin America. Mar Policy. 2024; 159: 105933.

176.Roy A, Dutta S, Dey S, Jana S, Basak S, Dhar A, et al. Seaweed Genetic
Diversity: Evolutionary Significance, Potential Functional Diversity, and
Trait Mining for Sustainable Conservation and Applications. Springer
Nature. 2026.

177.Reddy CRK, Yokoya NS, Yong WTL, Luhan MR]J, Hurtado AQ. Micro-
propagation of Kappaphycus and Eucheuma: Trends and Prospects.
Springer International Publishing. 2017.

178.Charrier B, Rolland E, Gupta V, Reddy CRK. Production of genetically
and developmentally modified seaweeds: exploiting the potential of
artificial selection techniques. Front Plant Sci. 2015; 6: 127.

179.Hofmann LC, Bartsch I, Pehlke H, Alves-Lima C, Barreto LM, Bermejo
R, et al. Assessment of the macroalgal genetic resources maintained in
European germplasm banks. ] Appl Phycol. 2026; 38(4): 2787-2802.

180.Yong WTL, Rodrigues KF, Chin GJWL. Genetic Identification and Mass
Propagation of Economically Important Seaweeds. IntechOpen. 2016.

181.Wang J, Tang L, Yu X, Yu C, Tang X, Wang D, et al. Gene flow enhances
genetic diversity and local adaptation in Pyropia yezoensis populations.

WebLog Open Access Publications

wjaq.2026.k1205


http://www.weblogoa.com
https://www.sciencedirect.com/science/article/abs/pii/S3050475926006676
https://www.sciencedirect.com/science/article/abs/pii/S3050475926006676
https://www.sciencedirect.com/science/article/abs/pii/S3050475926006676
https://www.google.com/goto?url=CAESZAHEIkXXiE1bPgMPSE33X_I9PHF2HEZ9VQK9sQJZpKW_anD-JWV4vD0z6whxVJDBN8cf8s0sQ_oOn8euwBWT24NAmm-bcRv6a_RDCYIXSj9EJ4VXvuZJkUTEU5K4KiRHhPtRJO4&gsessionid=ce58kRunyTr7tMGvC0OybRNIIPS-hdYi_t-IG5OIyUK7YZJ495axcw
https://www.google.com/goto?url=CAESZAHEIkXXiE1bPgMPSE33X_I9PHF2HEZ9VQK9sQJZpKW_anD-JWV4vD0z6whxVJDBN8cf8s0sQ_oOn8euwBWT24NAmm-bcRv6a_RDCYIXSj9EJ4VXvuZJkUTEU5K4KiRHhPtRJO4&gsessionid=ce58kRunyTr7tMGvC0OybRNIIPS-hdYi_t-IG5OIyUK7YZJ495axcw
https://pubmed.ncbi.nlm.nih.gov/41577054/
https://pubmed.ncbi.nlm.nih.gov/41577054/
https://pubmed.ncbi.nlm.nih.gov/41577054/
https://pubmed.ncbi.nlm.nih.gov/41577054/
https://pubmed.ncbi.nlm.nih.gov/41752393/
https://pubmed.ncbi.nlm.nih.gov/41752393/
https://pubmed.ncbi.nlm.nih.gov/41752393/
https://www.google.com/goto?url=CAESgAEBxCJF1-JswYBaIvu6RUnhdtbBPl9pWgqLhDYAG0pSrDQbAA9mkWkgJZuyoZ4-qV6oiWmLPn6v8wuoFSfpCxjuaQmxz6pBkvTSK5FPt_j71UFYxmfpeBKctXJ9FK4FdroXfRZsFdAdWZ0pqIcnBwz_tMdrfnd1yNxlGwZkziv58g&gsessionid=sWxJ4liV5rRftpwzBZFgoa3i1KW2_Uetp7m5Mo229oY9EOvl2wBcIg
https://www.google.com/goto?url=CAESgAEBxCJF1-JswYBaIvu6RUnhdtbBPl9pWgqLhDYAG0pSrDQbAA9mkWkgJZuyoZ4-qV6oiWmLPn6v8wuoFSfpCxjuaQmxz6pBkvTSK5FPt_j71UFYxmfpeBKctXJ9FK4FdroXfRZsFdAdWZ0pqIcnBwz_tMdrfnd1yNxlGwZkziv58g&gsessionid=sWxJ4liV5rRftpwzBZFgoa3i1KW2_Uetp7m5Mo229oY9EOvl2wBcIg
https://www.google.com/goto?url=CAESgAEBxCJF1-JswYBaIvu6RUnhdtbBPl9pWgqLhDYAG0pSrDQbAA9mkWkgJZuyoZ4-qV6oiWmLPn6v8wuoFSfpCxjuaQmxz6pBkvTSK5FPt_j71UFYxmfpeBKctXJ9FK4FdroXfRZsFdAdWZ0pqIcnBwz_tMdrfnd1yNxlGwZkziv58g&gsessionid=sWxJ4liV5rRftpwzBZFgoa3i1KW2_Uetp7m5Mo229oY9EOvl2wBcIg
https://www.google.com/goto?url=CAESgAEBxCJF1-JswYBaIvu6RUnhdtbBPl9pWgqLhDYAG0pSrDQbAA9mkWkgJZuyoZ4-qV6oiWmLPn6v8wuoFSfpCxjuaQmxz6pBkvTSK5FPt_j71UFYxmfpeBKctXJ9FK4FdroXfRZsFdAdWZ0pqIcnBwz_tMdrfnd1yNxlGwZkziv58g&gsessionid=sWxJ4liV5rRftpwzBZFgoa3i1KW2_Uetp7m5Mo229oY9EOvl2wBcIg
https://www.google.com/goto?url=CAEShwEBxCJF1wAPA1HZ-YVqTP5qu_PDuUFz6mG5XNSu6JcZ2MRuwkLR_vYiM0YFgkL-ncmJvhfwfpD1tGJ1_vgia0s2N-F98q5JsVfdkWxHQbkYf79v4_vWxC5tDqstSQ_5JwNxgQk6vza5JyjnWSbx4fc9XWxuRADs_2TRKXc13JqUcaas9jKu1jI&gsessionid=0JDG37ZlLibUyFtzf2plHxbCdepBz1wZCS5uoWn_XCwVniPRSX4bLA
https://www.google.com/goto?url=CAEShwEBxCJF1wAPA1HZ-YVqTP5qu_PDuUFz6mG5XNSu6JcZ2MRuwkLR_vYiM0YFgkL-ncmJvhfwfpD1tGJ1_vgia0s2N-F98q5JsVfdkWxHQbkYf79v4_vWxC5tDqstSQ_5JwNxgQk6vza5JyjnWSbx4fc9XWxuRADs_2TRKXc13JqUcaas9jKu1jI&gsessionid=0JDG37ZlLibUyFtzf2plHxbCdepBz1wZCS5uoWn_XCwVniPRSX4bLA
https://www.mdpi.com/2311-5637/4/4/99
https://www.mdpi.com/2311-5637/4/4/99
https://www.mdpi.com/2311-5637/4/4/99
https://doi.org/10.1016/j.rser.2019.109479
https://doi.org/10.1016/j.rser.2019.109479
https://www.google.com/goto?url=CAESgAEBxCJF16lH57ocAXUo6BwFBnUgMfR0dF9iVVHpyYa5k3LKchKuh1lY_ADVXe59pN6PDsV9Y_3Mtv_CN9h6xoB8HdUY6fzvvQbXz8gqO9HDN9Uz53Vo5PNFFIacFw4CNoj0Q-4EdjEaJZeBPWgtpf-g5vOPbfn0lZF69tbBOpgqsA&gsessionid=D8C2I3I__qjZ3vGjhBGHVozdBGUAk_C2A9UjMgARVuhAd7_gRwYa6g
https://www.google.com/goto?url=CAESgAEBxCJF16lH57ocAXUo6BwFBnUgMfR0dF9iVVHpyYa5k3LKchKuh1lY_ADVXe59pN6PDsV9Y_3Mtv_CN9h6xoB8HdUY6fzvvQbXz8gqO9HDN9Uz53Vo5PNFFIacFw4CNoj0Q-4EdjEaJZeBPWgtpf-g5vOPbfn0lZF69tbBOpgqsA&gsessionid=D8C2I3I__qjZ3vGjhBGHVozdBGUAk_C2A9UjMgARVuhAd7_gRwYa6g
https://www.google.com/goto?url=CAESgAEBxCJF16lH57ocAXUo6BwFBnUgMfR0dF9iVVHpyYa5k3LKchKuh1lY_ADVXe59pN6PDsV9Y_3Mtv_CN9h6xoB8HdUY6fzvvQbXz8gqO9HDN9Uz53Vo5PNFFIacFw4CNoj0Q-4EdjEaJZeBPWgtpf-g5vOPbfn0lZF69tbBOpgqsA&gsessionid=D8C2I3I__qjZ3vGjhBGHVozdBGUAk_C2A9UjMgARVuhAd7_gRwYa6g
https://doi.org/10.1016/j.ijhydene.2025.05.067
https://doi.org/10.1016/j.ijhydene.2025.05.067
https://doi.org/10.1016/j.ijhydene.2025.05.067
https://www.google.com/goto?url=CAESeQHEIkXXuXZDyWyfrsdSmCx0LLImgbsUy2k7UPmVXnP2q_7G4h6yheY6H_SBzksGqDH_uvOUHE-DuHTcne3jzHoX23YwknO5Ar8D-rkYJB1qioguGyGbJ294UVRHi3GW7uqaPrtyrwXKEoCOEvkrbzsCTpzAq-QO02c&gsessionid=InzD45CCKaMPLx9LRd7AUZK4t85d2ch1W1mX7rYQZ5Nfnx9rndbAoA
https://www.google.com/goto?url=CAESeQHEIkXXuXZDyWyfrsdSmCx0LLImgbsUy2k7UPmVXnP2q_7G4h6yheY6H_SBzksGqDH_uvOUHE-DuHTcne3jzHoX23YwknO5Ar8D-rkYJB1qioguGyGbJ294UVRHi3GW7uqaPrtyrwXKEoCOEvkrbzsCTpzAq-QO02c&gsessionid=InzD45CCKaMPLx9LRd7AUZK4t85d2ch1W1mX7rYQZ5Nfnx9rndbAoA
https://www.google.com/goto?url=CAESeQHEIkXXuXZDyWyfrsdSmCx0LLImgbsUy2k7UPmVXnP2q_7G4h6yheY6H_SBzksGqDH_uvOUHE-DuHTcne3jzHoX23YwknO5Ar8D-rkYJB1qioguGyGbJ294UVRHi3GW7uqaPrtyrwXKEoCOEvkrbzsCTpzAq-QO02c&gsessionid=InzD45CCKaMPLx9LRd7AUZK4t85d2ch1W1mX7rYQZ5Nfnx9rndbAoA
https://www.google.com/goto?url=CAESeQHEIkXXuXZDyWyfrsdSmCx0LLImgbsUy2k7UPmVXnP2q_7G4h6yheY6H_SBzksGqDH_uvOUHE-DuHTcne3jzHoX23YwknO5Ar8D-rkYJB1qioguGyGbJ294UVRHi3GW7uqaPrtyrwXKEoCOEvkrbzsCTpzAq-QO02c&gsessionid=InzD45CCKaMPLx9LRd7AUZK4t85d2ch1W1mX7rYQZ5Nfnx9rndbAoA
https://www.google.com/goto?url=CAESgAEBxCJF1_484LVcZmY-24WpWT8rurQGfIjFfw6DNadLEb9puvnCQvV7-7Irg5vgN4mbe7Ku-bmB43Qc7tbiaLyJEAIRj1X5y_75yWadq3FmpIyPz56tNR29Oiyl8Amj1K9_X2aVX0bRP6v17dBUVTM4rGPWbApqz2g6C44eUElGEw&gsessionid=6_Jsj9hvCq942O3XBnPTZgnmILjHP0xBwCQQn9ixHZ4bsx_jT0lpTQ
https://www.google.com/goto?url=CAESgAEBxCJF1_484LVcZmY-24WpWT8rurQGfIjFfw6DNadLEb9puvnCQvV7-7Irg5vgN4mbe7Ku-bmB43Qc7tbiaLyJEAIRj1X5y_75yWadq3FmpIyPz56tNR29Oiyl8Amj1K9_X2aVX0bRP6v17dBUVTM4rGPWbApqz2g6C44eUElGEw&gsessionid=6_Jsj9hvCq942O3XBnPTZgnmILjHP0xBwCQQn9ixHZ4bsx_jT0lpTQ
https://www.google.com/goto?url=CAESgAEBxCJF1_484LVcZmY-24WpWT8rurQGfIjFfw6DNadLEb9puvnCQvV7-7Irg5vgN4mbe7Ku-bmB43Qc7tbiaLyJEAIRj1X5y_75yWadq3FmpIyPz56tNR29Oiyl8Amj1K9_X2aVX0bRP6v17dBUVTM4rGPWbApqz2g6C44eUElGEw&gsessionid=6_Jsj9hvCq942O3XBnPTZgnmILjHP0xBwCQQn9ixHZ4bsx_jT0lpTQ
https://www.google.com/goto?url=CAESgAEBxCJF1_484LVcZmY-24WpWT8rurQGfIjFfw6DNadLEb9puvnCQvV7-7Irg5vgN4mbe7Ku-bmB43Qc7tbiaLyJEAIRj1X5y_75yWadq3FmpIyPz56tNR29Oiyl8Amj1K9_X2aVX0bRP6v17dBUVTM4rGPWbApqz2g6C44eUElGEw&gsessionid=6_Jsj9hvCq942O3XBnPTZgnmILjHP0xBwCQQn9ixHZ4bsx_jT0lpTQ
https://doi.org/10.1016/j.seta.2022.102211
https://doi.org/10.1016/j.seta.2022.102211
https://doi.org/10.1016/j.seta.2022.102211
https://doi.org/10.1016/j.seta.2022.102211
https://www.google.com/goto?url=CAESgAEBxCJF1-JswYBaIvu6RUnhdtbBPl9pWgqLhDYAG0pSrDQbAA9mkWkgJZuyoZ4-qV6oiWmLPn6v8wuoFSfpCxjuaQmxz6pBkvTSK5FPt_j71UFYxmfpeBKctXJ9FK4FdroXfRZsFdAdWZ0pqIcnBwz_tMdrfnd1yNxlGwZkziv58g&gsessionid=sWxJ4liV5rRftpwzBZFgoa3i1KW2_Uetp7m5Mo229oY9EOvl2wBcIg
https://www.google.com/goto?url=CAESgAEBxCJF1-JswYBaIvu6RUnhdtbBPl9pWgqLhDYAG0pSrDQbAA9mkWkgJZuyoZ4-qV6oiWmLPn6v8wuoFSfpCxjuaQmxz6pBkvTSK5FPt_j71UFYxmfpeBKctXJ9FK4FdroXfRZsFdAdWZ0pqIcnBwz_tMdrfnd1yNxlGwZkziv58g&gsessionid=sWxJ4liV5rRftpwzBZFgoa3i1KW2_Uetp7m5Mo229oY9EOvl2wBcIg
https://www.google.com/goto?url=CAESgAEBxCJF1-JswYBaIvu6RUnhdtbBPl9pWgqLhDYAG0pSrDQbAA9mkWkgJZuyoZ4-qV6oiWmLPn6v8wuoFSfpCxjuaQmxz6pBkvTSK5FPt_j71UFYxmfpeBKctXJ9FK4FdroXfRZsFdAdWZ0pqIcnBwz_tMdrfnd1yNxlGwZkziv58g&gsessionid=sWxJ4liV5rRftpwzBZFgoa3i1KW2_Uetp7m5Mo229oY9EOvl2wBcIg
https://www.google.com/goto?url=CAESgAEBxCJF1-JswYBaIvu6RUnhdtbBPl9pWgqLhDYAG0pSrDQbAA9mkWkgJZuyoZ4-qV6oiWmLPn6v8wuoFSfpCxjuaQmxz6pBkvTSK5FPt_j71UFYxmfpeBKctXJ9FK4FdroXfRZsFdAdWZ0pqIcnBwz_tMdrfnd1yNxlGwZkziv58g&gsessionid=sWxJ4liV5rRftpwzBZFgoa3i1KW2_Uetp7m5Mo229oY9EOvl2wBcIg
https://www.google.com/goto?url=CAESeQHEIkXXCtRJWy2xw-CCnRJBxpbV5zLKMvmf3WtzQ10QM78nve-jAHgSu57BHwnPpUkDw2zF-CZCV4BurW6oSNs9arKuL4UER6qghR31n5i0dPxmvU5vhWZf6G4MprUNmsJrm1vXdfpyGU0f46p9GLe4Zji1b7Tk2tw&gsessionid=r-4dhuYgRHUfl4NvnfQ2NPkytyUwpJuk29V4hLP-J0udvP4gSEeXgg
https://www.google.com/goto?url=CAESeQHEIkXXCtRJWy2xw-CCnRJBxpbV5zLKMvmf3WtzQ10QM78nve-jAHgSu57BHwnPpUkDw2zF-CZCV4BurW6oSNs9arKuL4UER6qghR31n5i0dPxmvU5vhWZf6G4MprUNmsJrm1vXdfpyGU0f46p9GLe4Zji1b7Tk2tw&gsessionid=r-4dhuYgRHUfl4NvnfQ2NPkytyUwpJuk29V4hLP-J0udvP4gSEeXgg
https://www.google.com/goto?url=CAESeQHEIkXXCtRJWy2xw-CCnRJBxpbV5zLKMvmf3WtzQ10QM78nve-jAHgSu57BHwnPpUkDw2zF-CZCV4BurW6oSNs9arKuL4UER6qghR31n5i0dPxmvU5vhWZf6G4MprUNmsJrm1vXdfpyGU0f46p9GLe4Zji1b7Tk2tw&gsessionid=r-4dhuYgRHUfl4NvnfQ2NPkytyUwpJuk29V4hLP-J0udvP4gSEeXgg
https://doi.org/10.1016/j.egypro.2017.09.067
https://doi.org/10.1016/j.egypro.2017.09.067
https://pubmed.ncbi.nlm.nih.gov/27011268/
https://pubmed.ncbi.nlm.nih.gov/27011268/
https://pubmed.ncbi.nlm.nih.gov/27011268/
https://www.google.com/goto?url=CAESmQEBxCJF1xPTUUKHszLmwcLl1okISTTnsi0bSzf_ZRgr90Ed8OpgGCV4l4yRY4hFZbew_JGQ19A02OatqlIxlGbhj4TbQi00UjjyWgY8Xx-tdsW4-ZMxcfXSzdLZ0Bdnc-ec1u6QuO5hDdv8zERxyyZrg7c2uZJo1AfNVvzK8aZZlwEbKkgpB53ZGztd8pCSz78DDas1W8CFzQY&gsessionid=QlESMYtJAqCyKN3s_WMeagbYq_YTAQNgs06Jf0wYdxQg29CrU8aXrg
https://www.google.com/goto?url=CAESmQEBxCJF1xPTUUKHszLmwcLl1okISTTnsi0bSzf_ZRgr90Ed8OpgGCV4l4yRY4hFZbew_JGQ19A02OatqlIxlGbhj4TbQi00UjjyWgY8Xx-tdsW4-ZMxcfXSzdLZ0Bdnc-ec1u6QuO5hDdv8zERxyyZrg7c2uZJo1AfNVvzK8aZZlwEbKkgpB53ZGztd8pCSz78DDas1W8CFzQY&gsessionid=QlESMYtJAqCyKN3s_WMeagbYq_YTAQNgs06Jf0wYdxQg29CrU8aXrg
https://www.google.com/goto?url=CAESmQEBxCJF1xPTUUKHszLmwcLl1okISTTnsi0bSzf_ZRgr90Ed8OpgGCV4l4yRY4hFZbew_JGQ19A02OatqlIxlGbhj4TbQi00UjjyWgY8Xx-tdsW4-ZMxcfXSzdLZ0Bdnc-ec1u6QuO5hDdv8zERxyyZrg7c2uZJo1AfNVvzK8aZZlwEbKkgpB53ZGztd8pCSz78DDas1W8CFzQY&gsessionid=QlESMYtJAqCyKN3s_WMeagbYq_YTAQNgs06Jf0wYdxQg29CrU8aXrg
https://pubmed.ncbi.nlm.nih.gov/34119047/
https://pubmed.ncbi.nlm.nih.gov/34119047/
https://onlinelibrary.wiley.com/doi/10.1111/gcb.17437
https://onlinelibrary.wiley.com/doi/10.1111/gcb.17437
https://onlinelibrary.wiley.com/doi/10.1111/gcb.17437
https://www.google.com/goto?url=CAESgAEBxCJF14V71QDx7JERR0a7TWRGI3esP7bA9D8ECgklFSrEYJJLvkpHpcQXBuBR3rtBD1YoIVYSioayLAwWsMyQNr1URwTLLpDVsrQ-ZZzXz-kqa5zaOMXfotd2MvZeRCrlXn9CgiyogsQlCw-0WwDVCrjXZohGusH3IZ0tUhx7Ig&gsessionid=k89usmFBN4qckh4rMCcA7UISF4TzI1ddzojd1jKZCzulS-nFseZNpA
https://www.google.com/goto?url=CAESgAEBxCJF14V71QDx7JERR0a7TWRGI3esP7bA9D8ECgklFSrEYJJLvkpHpcQXBuBR3rtBD1YoIVYSioayLAwWsMyQNr1URwTLLpDVsrQ-ZZzXz-kqa5zaOMXfotd2MvZeRCrlXn9CgiyogsQlCw-0WwDVCrjXZohGusH3IZ0tUhx7Ig&gsessionid=k89usmFBN4qckh4rMCcA7UISF4TzI1ddzojd1jKZCzulS-nFseZNpA
https://www.google.com/goto?url=CAESgAEBxCJF14V71QDx7JERR0a7TWRGI3esP7bA9D8ECgklFSrEYJJLvkpHpcQXBuBR3rtBD1YoIVYSioayLAwWsMyQNr1URwTLLpDVsrQ-ZZzXz-kqa5zaOMXfotd2MvZeRCrlXn9CgiyogsQlCw-0WwDVCrjXZohGusH3IZ0tUhx7Ig&gsessionid=k89usmFBN4qckh4rMCcA7UISF4TzI1ddzojd1jKZCzulS-nFseZNpA
https://www.google.com/goto?url=CAESaAHEIkXX1xu_g3PsTS_LW7DFZ0uWBMqwaOVTV4aOzHn7bFkMDz1Xs58u2tUAEjG-qHlzFagVpWcGtB-5H54sp6sCF-dhZJtfzASi2lPDkERSu2AUBupdt_PZ4xY20drqB3GKmllwepdx&gsessionid=beIhPbawJvqS6rlgMUsF24_F1ENgtk95XaTn1n6ESJyOp-yUIG50-Q
https://www.google.com/goto?url=CAESaAHEIkXX1xu_g3PsTS_LW7DFZ0uWBMqwaOVTV4aOzHn7bFkMDz1Xs58u2tUAEjG-qHlzFagVpWcGtB-5H54sp6sCF-dhZJtfzASi2lPDkERSu2AUBupdt_PZ4xY20drqB3GKmllwepdx&gsessionid=beIhPbawJvqS6rlgMUsF24_F1ENgtk95XaTn1n6ESJyOp-yUIG50-Q
https://www.mdpi.com/2673-9496/3/3/15
https://www.mdpi.com/2673-9496/3/3/15
https://www.mdpi.com/2673-9496/3/3/15
https://pubmed.ncbi.nlm.nih.gov/36456544/
https://pubmed.ncbi.nlm.nih.gov/36456544/
https://pubmed.ncbi.nlm.nih.gov/36456544/
https://www.sciencedirect.com/science/article/pii/S2468550X2500111X
https://www.sciencedirect.com/science/article/pii/S2468550X2500111X
https://www.sciencedirect.com/science/article/pii/S2468550X2500111X
https://www.sciencedirect.com/science/article/pii/S2468550X2500111X
https://www.google.com/goto?url=CAESsAEBxCJF10dGKgFkFTni6eL9LCQUDPzxsOHqhDBC7SHHWqI_M4wR-tNeG3F-UCguNbZUpjUKpD6EkvkuAwekpfV6Y6AkEuYa0O-lVVNYGEeTubExOyEXOWbjZ8zTay-4JzWneoue17G4-5BGQW159uWgF31pvnwsAu90An7JYgg6xsnjsrsIV1uXds3iYuCaweq-8_l-U5BWzkT_HMXMPoJ7QhOQ7xQ3Xndf2-6_fF1n5A&gsessionid=OoONbtJGsGZgf1ou03HA0SpbPbDgGiMj49SFKlH3r7k1B2pYN5lkyg
https://www.google.com/goto?url=CAESsAEBxCJF10dGKgFkFTni6eL9LCQUDPzxsOHqhDBC7SHHWqI_M4wR-tNeG3F-UCguNbZUpjUKpD6EkvkuAwekpfV6Y6AkEuYa0O-lVVNYGEeTubExOyEXOWbjZ8zTay-4JzWneoue17G4-5BGQW159uWgF31pvnwsAu90An7JYgg6xsnjsrsIV1uXds3iYuCaweq-8_l-U5BWzkT_HMXMPoJ7QhOQ7xQ3Xndf2-6_fF1n5A&gsessionid=OoONbtJGsGZgf1ou03HA0SpbPbDgGiMj49SFKlH3r7k1B2pYN5lkyg
https://www.google.com/goto?url=CAESsAEBxCJF10dGKgFkFTni6eL9LCQUDPzxsOHqhDBC7SHHWqI_M4wR-tNeG3F-UCguNbZUpjUKpD6EkvkuAwekpfV6Y6AkEuYa0O-lVVNYGEeTubExOyEXOWbjZ8zTay-4JzWneoue17G4-5BGQW159uWgF31pvnwsAu90An7JYgg6xsnjsrsIV1uXds3iYuCaweq-8_l-U5BWzkT_HMXMPoJ7QhOQ7xQ3Xndf2-6_fF1n5A&gsessionid=OoONbtJGsGZgf1ou03HA0SpbPbDgGiMj49SFKlH3r7k1B2pYN5lkyg
https://www.google.com/goto?url=CAESfwHEIkXXdTKbvurTQvqlhHdLuxTfdBFd3iXxOpcErSiKPwKrcIhA97ZLLPdMJSs4If285pImWOCuYPI1Rt_iLym7rO2wRHAMIPejP-X5NzDeMmnEv3s6tpJ1t9rGBFirxPxN_SdDT69X6RbFPlxusZoOiDjnyZ_Tdhw4b11sWcs&gsessionid=4MFMi859EUiXPcNNKJF7uvCt8qrbRPdPSgjaTq8czbirx1RGz71ueQ
https://www.google.com/goto?url=CAESfwHEIkXXdTKbvurTQvqlhHdLuxTfdBFd3iXxOpcErSiKPwKrcIhA97ZLLPdMJSs4If285pImWOCuYPI1Rt_iLym7rO2wRHAMIPejP-X5NzDeMmnEv3s6tpJ1t9rGBFirxPxN_SdDT69X6RbFPlxusZoOiDjnyZ_Tdhw4b11sWcs&gsessionid=4MFMi859EUiXPcNNKJF7uvCt8qrbRPdPSgjaTq8czbirx1RGz71ueQ
https://www.google.com/goto?url=CAESegHEIkXXqEtetX1l79d-GPd2WFTbAwjBpygDbUmLbtE4F3yOH_iCQ5Qa4hmfIlBfd_s8P-G4ZDZ2hHWDBkiQLDslbvn00qZFk8oXYh41PGNlSZJnR61ZZiqed9Oe0eQiLhL-sR1DqGyWO0xgdnQjT2yQga1WS9nHy1Se&gsessionid=SUies1M6K5V_FP26Pkp7YkoDds_eIgyqWUoYwMK585mXOiRNHyCIsQ
https://www.google.com/goto?url=CAESegHEIkXXqEtetX1l79d-GPd2WFTbAwjBpygDbUmLbtE4F3yOH_iCQ5Qa4hmfIlBfd_s8P-G4ZDZ2hHWDBkiQLDslbvn00qZFk8oXYh41PGNlSZJnR61ZZiqed9Oe0eQiLhL-sR1DqGyWO0xgdnQjT2yQga1WS9nHy1Se&gsessionid=SUies1M6K5V_FP26Pkp7YkoDds_eIgyqWUoYwMK585mXOiRNHyCIsQ
https://www.nature.com/articles/s41396-021-01070-1
https://www.nature.com/articles/s41396-021-01070-1
https://www.nature.com/articles/s41396-021-01070-1
https://doi.org/10.1016/j.cirep.2025.200240
https://doi.org/10.1016/j.cirep.2025.200240
https://doi.org/10.1016/j.cirep.2025.200240
https://www.google.com/goto?url=CAEScgHEIkXX2GaFqwNjWKg3xstxiYwxXeIDEpap_hX6sNW1qswxP9oZEb6D6DFsbmXss1Rco9qgBiwIPmPfZCFNgA8E2HZV_RrZbdAdMcuBzCxnyfyLAr75W_dbbkJFm-LxkabSU18H52KyCkDrKH_S4lySuA&gsessionid=UT8FN0fxwqEKgCLUN5z0h8aSkUNGL-Zi-0EY83yfM1HIyIA0-XfLVQ
https://www.google.com/goto?url=CAEScgHEIkXX2GaFqwNjWKg3xstxiYwxXeIDEpap_hX6sNW1qswxP9oZEb6D6DFsbmXss1Rco9qgBiwIPmPfZCFNgA8E2HZV_RrZbdAdMcuBzCxnyfyLAr75W_dbbkJFm-LxkabSU18H52KyCkDrKH_S4lySuA&gsessionid=UT8FN0fxwqEKgCLUN5z0h8aSkUNGL-Zi-0EY83yfM1HIyIA0-XfLVQ
https://www.google.com/goto?url=CAEScgHEIkXX2GaFqwNjWKg3xstxiYwxXeIDEpap_hX6sNW1qswxP9oZEb6D6DFsbmXss1Rco9qgBiwIPmPfZCFNgA8E2HZV_RrZbdAdMcuBzCxnyfyLAr75W_dbbkJFm-LxkabSU18H52KyCkDrKH_S4lySuA&gsessionid=UT8FN0fxwqEKgCLUN5z0h8aSkUNGL-Zi-0EY83yfM1HIyIA0-XfLVQ
https://www.google.com/goto?url=CAES2QEBxCJF1zBVv3H7BqZbUSD7ZBH6QiSpxxPu9PBKGJ4o7_XQUcapwkNUd6n7g8gcFOEKqUrmF0I7tYrDZvCMf4OuDaC_AZPcdzUdZkD5RpDfL7Efvm-b_zG0BHfLvWZPC_y4bfkGACqlzEvsjMWCN2UxNKYBjqJ7t8BSGj7xTqm1AAyZ0ICzfzB5RSIjPqnFDvFIBK90ejmv3OvSIET37Jpr-skEhrIUOti0-QKIojrdfj_WOv-iJRscWmJxjRdHU0iw2jBuXB6KQYnLZERrXOPRflSZbcLB7S_3&gsessionid=Y6kImHInaYgTbumfP3XePW6_aZStCgE5O3ILiRGrANsKJovcIQ4xmg
https://www.google.com/goto?url=CAES2QEBxCJF1zBVv3H7BqZbUSD7ZBH6QiSpxxPu9PBKGJ4o7_XQUcapwkNUd6n7g8gcFOEKqUrmF0I7tYrDZvCMf4OuDaC_AZPcdzUdZkD5RpDfL7Efvm-b_zG0BHfLvWZPC_y4bfkGACqlzEvsjMWCN2UxNKYBjqJ7t8BSGj7xTqm1AAyZ0ICzfzB5RSIjPqnFDvFIBK90ejmv3OvSIET37Jpr-skEhrIUOti0-QKIojrdfj_WOv-iJRscWmJxjRdHU0iw2jBuXB6KQYnLZERrXOPRflSZbcLB7S_3&gsessionid=Y6kImHInaYgTbumfP3XePW6_aZStCgE5O3ILiRGrANsKJovcIQ4xmg
https://www.google.com/goto?url=CAES2QEBxCJF1zBVv3H7BqZbUSD7ZBH6QiSpxxPu9PBKGJ4o7_XQUcapwkNUd6n7g8gcFOEKqUrmF0I7tYrDZvCMf4OuDaC_AZPcdzUdZkD5RpDfL7Efvm-b_zG0BHfLvWZPC_y4bfkGACqlzEvsjMWCN2UxNKYBjqJ7t8BSGj7xTqm1AAyZ0ICzfzB5RSIjPqnFDvFIBK90ejmv3OvSIET37Jpr-skEhrIUOti0-QKIojrdfj_WOv-iJRscWmJxjRdHU0iw2jBuXB6KQYnLZERrXOPRflSZbcLB7S_3&gsessionid=Y6kImHInaYgTbumfP3XePW6_aZStCgE5O3ILiRGrANsKJovcIQ4xmg
https://www.google.com/goto?url=CAES2QEBxCJF1zBVv3H7BqZbUSD7ZBH6QiSpxxPu9PBKGJ4o7_XQUcapwkNUd6n7g8gcFOEKqUrmF0I7tYrDZvCMf4OuDaC_AZPcdzUdZkD5RpDfL7Efvm-b_zG0BHfLvWZPC_y4bfkGACqlzEvsjMWCN2UxNKYBjqJ7t8BSGj7xTqm1AAyZ0ICzfzB5RSIjPqnFDvFIBK90ejmv3OvSIET37Jpr-skEhrIUOti0-QKIojrdfj_WOv-iJRscWmJxjRdHU0iw2jBuXB6KQYnLZERrXOPRflSZbcLB7S_3&gsessionid=Y6kImHInaYgTbumfP3XePW6_aZStCgE5O3ILiRGrANsKJovcIQ4xmg
https://www.google.com/goto?url=CAESgAEBxCJF1-1ZEdqJvR6zV5c1CHp7B1OKlBEuVWFe7Y3VhzPUjHR6Pml0L_VVw-rlMQ2kEQvK1Lfblnwb0oy008Gm-X6Nm735IncqxTWQY06UzAK3w9qBKrkCTqv5kzoSN04-ckvUVMd1nXeDot5rw7V7xEwIL9MZFGFT5xNVWlzUug&gsessionid=cjd1gaK7Cm1WKpURrgMzo7y-xjjd-L94JYxV-smYwn3sxo5G1VbyWQ
https://www.google.com/goto?url=CAESgAEBxCJF1-1ZEdqJvR6zV5c1CHp7B1OKlBEuVWFe7Y3VhzPUjHR6Pml0L_VVw-rlMQ2kEQvK1Lfblnwb0oy008Gm-X6Nm735IncqxTWQY06UzAK3w9qBKrkCTqv5kzoSN04-ckvUVMd1nXeDot5rw7V7xEwIL9MZFGFT5xNVWlzUug&gsessionid=cjd1gaK7Cm1WKpURrgMzo7y-xjjd-L94JYxV-smYwn3sxo5G1VbyWQ
https://www.google.com/goto?url=CAESgAEBxCJF1-1ZEdqJvR6zV5c1CHp7B1OKlBEuVWFe7Y3VhzPUjHR6Pml0L_VVw-rlMQ2kEQvK1Lfblnwb0oy008Gm-X6Nm735IncqxTWQY06UzAK3w9qBKrkCTqv5kzoSN04-ckvUVMd1nXeDot5rw7V7xEwIL9MZFGFT5xNVWlzUug&gsessionid=cjd1gaK7Cm1WKpURrgMzo7y-xjjd-L94JYxV-smYwn3sxo5G1VbyWQ
file:///F:/Weblog/WJT_9024/V1/I/p. 151-77. https:/doi.org/10.1007/978-3-032-26637-8_7
file:///F:/Weblog/WJT_9024/V1/I/p. 151-77. https:/doi.org/10.1007/978-3-032-26637-8_7
file:///F:/Weblog/WJT_9024/V1/I/p. 151-77. https:/doi.org/10.1007/978-3-032-26637-8_7
file:///F:/Weblog/WJT_9024/V1/I/p. 151-77. https:/doi.org/10.1007/978-3-032-26637-8_7
https://www.google.com/goto?url=CAESegHEIkXX7bPV8wk5GLEaUo1HsuuE5yvwxtLouNL4TLJVoYqYZOTvhMG1gFBF6XcboOrW_wz9qh6xJK0EwkqdCYr-UyFC99r0heSkVd5orY4FtGKF5F2vsST5xEi52j-XOZ-CRzm_ruI31VwBNH3wwl0edLCGjAuKGoB8&gsessionid=RBLvY6B2l1VbTHhaCx1UcFIov73hA8yXJgjFXqCiSCQpJFFCbWujVw
https://www.google.com/goto?url=CAESegHEIkXX7bPV8wk5GLEaUo1HsuuE5yvwxtLouNL4TLJVoYqYZOTvhMG1gFBF6XcboOrW_wz9qh6xJK0EwkqdCYr-UyFC99r0heSkVd5orY4FtGKF5F2vsST5xEi52j-XOZ-CRzm_ruI31VwBNH3wwl0edLCGjAuKGoB8&gsessionid=RBLvY6B2l1VbTHhaCx1UcFIov73hA8yXJgjFXqCiSCQpJFFCbWujVw
https://www.google.com/goto?url=CAESegHEIkXX7bPV8wk5GLEaUo1HsuuE5yvwxtLouNL4TLJVoYqYZOTvhMG1gFBF6XcboOrW_wz9qh6xJK0EwkqdCYr-UyFC99r0heSkVd5orY4FtGKF5F2vsST5xEi52j-XOZ-CRzm_ruI31VwBNH3wwl0edLCGjAuKGoB8&gsessionid=RBLvY6B2l1VbTHhaCx1UcFIov73hA8yXJgjFXqCiSCQpJFFCbWujVw
https://www.google.com/goto?url=CAESbgHEIkXX2N6k4MWp8cdxeHpfsJE71OLilaYrRQbvKYHgpnXW5Sq-CvmSMh07sEXhdy1_dz7bdflqLolvLhmW3azLB258sZAXisfkQcTbrqsL6zWUgejVjTHcd3dP0chwvt_bV6K5TPgK0YB8hgEd&gsessionid=tHGdiFSCBasG2cO2biAaDHztdzjnFuihvrmxFluaiw7npc3c3ImwOQ
https://www.google.com/goto?url=CAESbgHEIkXX2N6k4MWp8cdxeHpfsJE71OLilaYrRQbvKYHgpnXW5Sq-CvmSMh07sEXhdy1_dz7bdflqLolvLhmW3azLB258sZAXisfkQcTbrqsL6zWUgejVjTHcd3dP0chwvt_bV6K5TPgK0YB8hgEd&gsessionid=tHGdiFSCBasG2cO2biAaDHztdzjnFuihvrmxFluaiw7npc3c3ImwOQ
https://www.google.com/goto?url=CAESbgHEIkXX2N6k4MWp8cdxeHpfsJE71OLilaYrRQbvKYHgpnXW5Sq-CvmSMh07sEXhdy1_dz7bdflqLolvLhmW3azLB258sZAXisfkQcTbrqsL6zWUgejVjTHcd3dP0chwvt_bV6K5TPgK0YB8hgEd&gsessionid=tHGdiFSCBasG2cO2biAaDHztdzjnFuihvrmxFluaiw7npc3c3ImwOQ
https://www.google.com/goto?url=CAESeQHEIkXXSq84Px0eQtq2dR82nPf9rHAxL7H79EnZtmBZgs46rSjHlXs625tXrgs38OHs_uh2im7w5yeYRQ6qqgMs2yz1bmbKa0QdeORPX2McSuvGFQGdXv1k9IIFLHzTSVi3cJtJdb3yc5jXlC3BFV9wseZjxUwzZMk&gsessionid=N7sP-xZ1WFhnfsve7DXVoHv2a-bUKYlNr_QKDmkbrPa8a01hqsET7Q
https://www.google.com/goto?url=CAESeQHEIkXXSq84Px0eQtq2dR82nPf9rHAxL7H79EnZtmBZgs46rSjHlXs625tXrgs38OHs_uh2im7w5yeYRQ6qqgMs2yz1bmbKa0QdeORPX2McSuvGFQGdXv1k9IIFLHzTSVi3cJtJdb3yc5jXlC3BFV9wseZjxUwzZMk&gsessionid=N7sP-xZ1WFhnfsve7DXVoHv2a-bUKYlNr_QKDmkbrPa8a01hqsET7Q
https://www.google.com/goto?url=CAESeQHEIkXXSq84Px0eQtq2dR82nPf9rHAxL7H79EnZtmBZgs46rSjHlXs625tXrgs38OHs_uh2im7w5yeYRQ6qqgMs2yz1bmbKa0QdeORPX2McSuvGFQGdXv1k9IIFLHzTSVi3cJtJdb3yc5jXlC3BFV9wseZjxUwzZMk&gsessionid=N7sP-xZ1WFhnfsve7DXVoHv2a-bUKYlNr_QKDmkbrPa8a01hqsET7Q
https://www.google.com/goto?url=CAESiwEBxCJF11I3egmGi3BVJM5Q96TQsz0liqCqETpo1Td96aEU3itI-no1YAmTAghrxwIrUmW_apHQR-EavR7eWjQYlPOIG7Jerv42H8Ar5vQCo0QaGljDGrzrEoBIANfGJv0jYMD0kdlEhIHkHBIikDPC2a_wLexAmOgfuozWqVNBE1QD7YHnD3z9tTUc&gsessionid=nnXsGq9hW6gt9jn8mTi30enT32dv5rkogQXHNulnPAqlL4ePZwu4LA
https://www.google.com/goto?url=CAESiwEBxCJF11I3egmGi3BVJM5Q96TQsz0liqCqETpo1Td96aEU3itI-no1YAmTAghrxwIrUmW_apHQR-EavR7eWjQYlPOIG7Jerv42H8Ar5vQCo0QaGljDGrzrEoBIANfGJv0jYMD0kdlEhIHkHBIikDPC2a_wLexAmOgfuozWqVNBE1QD7YHnD3z9tTUc&gsessionid=nnXsGq9hW6gt9jn8mTi30enT32dv5rkogQXHNulnPAqlL4ePZwu4LA
https://www.google.com/goto?url=CAESgAEBxCJF1w5njfzz-U_j2mbJmiiRcoHi1Rp3XThBcfeZfYE6aCgL8yv2mv7s9p8aZvEwqSAlpFhJ6YAgkpnsIpPHUtuV4UdwAbRJAbsCsu3p2z81ayDHyY6NZqTmWsu5uhDW0CpS9YHK4jprl_CQYvrntfWU1NnkkwEkY-tTNVZ-eQ&gsessionid=1A0iM673C0jxNClVOQ5sDlNqoEDlSIIqE_16M2k3f98GNqdf8YfV4Q
https://www.google.com/goto?url=CAESgAEBxCJF1w5njfzz-U_j2mbJmiiRcoHi1Rp3XThBcfeZfYE6aCgL8yv2mv7s9p8aZvEwqSAlpFhJ6YAgkpnsIpPHUtuV4UdwAbRJAbsCsu3p2z81ayDHyY6NZqTmWsu5uhDW0CpS9YHK4jprl_CQYvrntfWU1NnkkwEkY-tTNVZ-eQ&gsessionid=1A0iM673C0jxNClVOQ5sDlNqoEDlSIIqE_16M2k3f98GNqdf8YfV4Q

Leonel Pereira

WebLog Journal of Aquaculture

Water Biol Secur. 2026; 5(1): 100411.

182.Gregr IR, Martone RG, Driscoll JD, Gregr EJ. Ecological risks and
emergent governance needs in seaweed aquaculture. ] Appl Phycol. 2026.

183.Falconer L, Cutajar K, Krupandan A, Capuzzo E, Corner RA, Ellis T, et
al. Planning and licensing for marine aquaculture. Rev Aquacult. 2023;
15(4): 1374-1404.

184.Nguyen PT, Phan PL, Nguyen HT, Nguyen HT. Sustainable seaweed
aquaculture development in the Mekong Delta under climate change.
Discov Environ. 2026; 4(1): 530.

185.Jentoft S, Knol M. Marine spatial planning: risk or opportunity for
fisheries in the North Sea? Maritime Studies. 2014; 13(1): 1.

186.Critchley A, Ask E, Chopin T, Duan D, Cottier-Cook E, Hayashi L, et
al. Global Seafood Alliance - Seaweed Farm Standard Best Aquaculture
Practices Certification Standard. 2023.

187.Koch SJI. The sustainable expansion of seaweed as a restorative
aquaculture: using a carrying capacity framework that integrates barriers
to expansion and ecosystem services. 2025.

188. Amirtha AM, Kumar NS, Darika M, Chandran A, Abinkumar B, Sreehari
PV, et al. Comparative assessment of the global seaweed sector across
developed, developing and least developed economies. Discov Sustain.
2026.

189.Salazar L, Dresdner ], Figueroa Y, Araya A, Palta E. Sustainability of
seaweed supply and price dynamics in the Chinese hydrocolloid industry.
Aquacult Econ Manag. 2024; 28(4): 537-551.

190.Sugumaran R, Padam BS, Yong WT, Saallah S, Ahmed K, Yusof NA.
A Retrospective Review of Global Commercial Seaweed Production—
Current Challenges, Biosecurity and Mitigation Measures and Prospects.
Int ] Environ Res Public Health. 2022; 19(12): 7087.

191. Stekoll M, Lindell S, Goudey CA, Kite-Powell HL, Bailey D, Barbery K, et
al. Development of scalable coastal and offshore kelp farming for marine
biomass production. ] World Aquacult Soc. 2025; 56(2): €70017.

192.Hinge M, Grilo VA, Jehn FU, Martinez JBG, Dingal FJ, Roleda MY, et
al. Seaweed cultivation: a cost-effective strategy for food production in a
global catastrophe. Aquacult Int. 2025; 33(5): 344.

193.Katikiro RE, Michael A. Challenges and opportunities of seaweed supply
chain in mainland Tanzania. Discov Oceans. 2026; 3(1): 29.

194.0Orengo Serra KL, Sanchez-Jauregui M. Food supply chain resilience
model for critical infrastructure collapses due to natural disasters. Brit
Food J. 2021; 124(13): 14-34.

195.Makepa DC, Chihobo CH. Barriers to commercial deployment of
biorefineries: A multi-faceted review of obstacles across the innovation
chain. Heliyon. 2024; 10(12): €32649.

196.Sharma A, Dubey S, Singh K, Mittal R, Quille P, Rajauria G. Innovative
Processing and Industrial Applications of Seaweed. Phycology. 2025; 5:
10.

197.Chung IK, Sondak CFA, Beardall J. The future of seaweed aquaculture in a
rapidly changing world. Eur J Phycol. 2017; 52(4): 495-505.

198.Sugumaran R, Padam BS, Yong WT, Saallah S, Ahmed K, Yusof NA.
A Retrospective Review of Global Commercial Seaweed Production—
Current Challenges, Biosecurity and Mitigation Measures and Prospects.
Int J Environ Res Public Health. 2022; 19(12): 7087.

199.Sae-Lim P, Kause A, Mulder HA, Olesen I. Breeding and Genetics
Symposium: Climate change and selective breeding in aquaculture. ]
Anim Sci. 2017; 95(4): 1801-1812.

200.Lindell S. Integrated seaweed hatchery and selective breeding technologies
for scalable offshore seaweed farming: final scientific/technical report.
University of Connecticut. 2025.

WebLog Open Access Publications

24

wjaq.2026.k1205


http://www.weblogoa.com
https://www.google.com/goto?url=CAESgAEBxCJF1w5njfzz-U_j2mbJmiiRcoHi1Rp3XThBcfeZfYE6aCgL8yv2mv7s9p8aZvEwqSAlpFhJ6YAgkpnsIpPHUtuV4UdwAbRJAbsCsu3p2z81ayDHyY6NZqTmWsu5uhDW0CpS9YHK4jprl_CQYvrntfWU1NnkkwEkY-tTNVZ-eQ&gsessionid=1A0iM673C0jxNClVOQ5sDlNqoEDlSIIqE_16M2k3f98GNqdf8YfV4Q
https://doi.org/10.1007/s10811-026-03885-x
https://doi.org/10.1007/s10811-026-03885-x
https://www.google.com/goto?url=CAESZgHEIkXX_WmVhvvxY4ILgCm5YKjqc9ZdLEgvFZUv4rma--JGzB2zpT69dm-yN9bkcacym1M3a9P_QpQu9wX7ibpwZPiLJdJZTnzpmVfE0HI5SFu7HxNVcLRJ1pn2OMlmrHw5J__ZCg&gsessionid=vu_0Bu8sjD0uC7EaGdxypVkn3feaJauFsCyDWlKWSoinHlP2fyFb1w
https://www.google.com/goto?url=CAESZgHEIkXX_WmVhvvxY4ILgCm5YKjqc9ZdLEgvFZUv4rma--JGzB2zpT69dm-yN9bkcacym1M3a9P_QpQu9wX7ibpwZPiLJdJZTnzpmVfE0HI5SFu7HxNVcLRJ1pn2OMlmrHw5J__ZCg&gsessionid=vu_0Bu8sjD0uC7EaGdxypVkn3feaJauFsCyDWlKWSoinHlP2fyFb1w
https://www.google.com/goto?url=CAESZgHEIkXX_WmVhvvxY4ILgCm5YKjqc9ZdLEgvFZUv4rma--JGzB2zpT69dm-yN9bkcacym1M3a9P_QpQu9wX7ibpwZPiLJdJZTnzpmVfE0HI5SFu7HxNVcLRJ1pn2OMlmrHw5J__ZCg&gsessionid=vu_0Bu8sjD0uC7EaGdxypVkn3feaJauFsCyDWlKWSoinHlP2fyFb1w
file:///C:\WL\New Articles-Oct-16_Sreedhar\WJAQ_10_17_05\Proof\10.1007\s44274-026-01089-1
file:///C:\WL\New Articles-Oct-16_Sreedhar\WJAQ_10_17_05\Proof\10.1007\s44274-026-01089-1
file:///C:\WL\New Articles-Oct-16_Sreedhar\WJAQ_10_17_05\Proof\10.1007\s44274-026-01089-1
https://doi.org/10.1186/2212-9790-13-1
https://doi.org/10.1186/2212-9790-13-1
https://www.researchgate.net/publication/373072306_Global_Seafood_Alliance_-_Seaweed_Farm_Standard_Best_Aquaculture_Practices_Certification_Standard
https://www.researchgate.net/publication/373072306_Global_Seafood_Alliance_-_Seaweed_Farm_Standard_Best_Aquaculture_Practices_Certification_Standard
https://www.researchgate.net/publication/373072306_Global_Seafood_Alliance_-_Seaweed_Farm_Standard_Best_Aquaculture_Practices_Certification_Standard
https://oceanrep.geomar.de/id/eprint/63402/1/Sophie Koch Dissertation 2025.pdf
https://oceanrep.geomar.de/id/eprint/63402/1/Sophie Koch Dissertation 2025.pdf
https://oceanrep.geomar.de/id/eprint/63402/1/Sophie Koch Dissertation 2025.pdf
https://www.google.com/goto?url=CAES3gEBxCJF1--BKmBGlWl_ltD_S0upA9lU6Qr6snU2dDbEv44lEKMCEdywnLV5AsUULmZOJ_BKcAnH9PnIUKDN1XxFK_D4ciWDVY1UZ1cei58rX1yJqWQLs9uImuLetA39-B4jUvFSUA1q5EX8gKJUF-3L8byMdDN6Y_QQtVIkISV3IrFQYSrRa91osMzmMgaLvJ0Ub_r0JPM95dJ-pE-X0aZZZjLhkxi9LpdkCk2MB-KJQ2CZTkKcGpqa5QOZR19rkPr1aaV0BiSXtVZCoud8Sd7M3SnIXrdKktqTzygrsGY&gsessionid=BeiScW67RGzFSxN5znuODtmLpoiNp0YmBPo_tCJ2x81ZWm6-A4LXRA
https://www.google.com/goto?url=CAES3gEBxCJF1--BKmBGlWl_ltD_S0upA9lU6Qr6snU2dDbEv44lEKMCEdywnLV5AsUULmZOJ_BKcAnH9PnIUKDN1XxFK_D4ciWDVY1UZ1cei58rX1yJqWQLs9uImuLetA39-B4jUvFSUA1q5EX8gKJUF-3L8byMdDN6Y_QQtVIkISV3IrFQYSrRa91osMzmMgaLvJ0Ub_r0JPM95dJ-pE-X0aZZZjLhkxi9LpdkCk2MB-KJQ2CZTkKcGpqa5QOZR19rkPr1aaV0BiSXtVZCoud8Sd7M3SnIXrdKktqTzygrsGY&gsessionid=BeiScW67RGzFSxN5znuODtmLpoiNp0YmBPo_tCJ2x81ZWm6-A4LXRA
https://www.google.com/goto?url=CAES3gEBxCJF1--BKmBGlWl_ltD_S0upA9lU6Qr6snU2dDbEv44lEKMCEdywnLV5AsUULmZOJ_BKcAnH9PnIUKDN1XxFK_D4ciWDVY1UZ1cei58rX1yJqWQLs9uImuLetA39-B4jUvFSUA1q5EX8gKJUF-3L8byMdDN6Y_QQtVIkISV3IrFQYSrRa91osMzmMgaLvJ0Ub_r0JPM95dJ-pE-X0aZZZjLhkxi9LpdkCk2MB-KJQ2CZTkKcGpqa5QOZR19rkPr1aaV0BiSXtVZCoud8Sd7M3SnIXrdKktqTzygrsGY&gsessionid=BeiScW67RGzFSxN5znuODtmLpoiNp0YmBPo_tCJ2x81ZWm6-A4LXRA
https://www.google.com/goto?url=CAES3gEBxCJF1--BKmBGlWl_ltD_S0upA9lU6Qr6snU2dDbEv44lEKMCEdywnLV5AsUULmZOJ_BKcAnH9PnIUKDN1XxFK_D4ciWDVY1UZ1cei58rX1yJqWQLs9uImuLetA39-B4jUvFSUA1q5EX8gKJUF-3L8byMdDN6Y_QQtVIkISV3IrFQYSrRa91osMzmMgaLvJ0Ub_r0JPM95dJ-pE-X0aZZZjLhkxi9LpdkCk2MB-KJQ2CZTkKcGpqa5QOZR19rkPr1aaV0BiSXtVZCoud8Sd7M3SnIXrdKktqTzygrsGY&gsessionid=BeiScW67RGzFSxN5znuODtmLpoiNp0YmBPo_tCJ2x81ZWm6-A4LXRA
https://www.google.com/goto?url=CAESfwHEIkXXnfSIGxV5EO4sMLqWteuELY-RCdtSMnkQ_mQBt0PD9DcTWYWe8hwDyRuWkxCv7kvdN589H5YOHwFSRFSJM3Vx7Lk_CVMDCRtntmrSR06pX2mlefc68iWhAoOyzEQMOCl0ZxosteGbC8lz59Ds4WAAaCcoMBwDfQgLEek&gsessionid=cQD-eoussYTJXRCP84s4SOIJC2_as6MAFWLwtdcZVJLjFGK1vl-3YA
https://www.google.com/goto?url=CAESfwHEIkXXnfSIGxV5EO4sMLqWteuELY-RCdtSMnkQ_mQBt0PD9DcTWYWe8hwDyRuWkxCv7kvdN589H5YOHwFSRFSJM3Vx7Lk_CVMDCRtntmrSR06pX2mlefc68iWhAoOyzEQMOCl0ZxosteGbC8lz59Ds4WAAaCcoMBwDfQgLEek&gsessionid=cQD-eoussYTJXRCP84s4SOIJC2_as6MAFWLwtdcZVJLjFGK1vl-3YA
https://www.google.com/goto?url=CAESfwHEIkXXnfSIGxV5EO4sMLqWteuELY-RCdtSMnkQ_mQBt0PD9DcTWYWe8hwDyRuWkxCv7kvdN589H5YOHwFSRFSJM3Vx7Lk_CVMDCRtntmrSR06pX2mlefc68iWhAoOyzEQMOCl0ZxosteGbC8lz59Ds4WAAaCcoMBwDfQgLEek&gsessionid=cQD-eoussYTJXRCP84s4SOIJC2_as6MAFWLwtdcZVJLjFGK1vl-3YA
https://www.google.com/goto?url=CAESZgHEIkXXW0AS2KTFxF4XNQTyN-PZyjObslzt5G1_wjXJbsBtqk8AuYb9afce_X9NrgDJJ80jl0CSDX49rsGggDAssrohyyHSEB8ob0Gcz5UYQaN525CgtQYIV7RZBV5Ot3RNmLXkzQ&gsessionid=AFrUULk1Ml3LBQWo7OQzx1TOgzeh8bwMUC2JyB0sH57whPPtPAz0vQ
https://www.google.com/goto?url=CAESZgHEIkXXW0AS2KTFxF4XNQTyN-PZyjObslzt5G1_wjXJbsBtqk8AuYb9afce_X9NrgDJJ80jl0CSDX49rsGggDAssrohyyHSEB8ob0Gcz5UYQaN525CgtQYIV7RZBV5Ot3RNmLXkzQ&gsessionid=AFrUULk1Ml3LBQWo7OQzx1TOgzeh8bwMUC2JyB0sH57whPPtPAz0vQ
https://www.google.com/goto?url=CAESZgHEIkXXW0AS2KTFxF4XNQTyN-PZyjObslzt5G1_wjXJbsBtqk8AuYb9afce_X9NrgDJJ80jl0CSDX49rsGggDAssrohyyHSEB8ob0Gcz5UYQaN525CgtQYIV7RZBV5Ot3RNmLXkzQ&gsessionid=AFrUULk1Ml3LBQWo7OQzx1TOgzeh8bwMUC2JyB0sH57whPPtPAz0vQ
https://www.google.com/goto?url=CAESZgHEIkXXW0AS2KTFxF4XNQTyN-PZyjObslzt5G1_wjXJbsBtqk8AuYb9afce_X9NrgDJJ80jl0CSDX49rsGggDAssrohyyHSEB8ob0Gcz5UYQaN525CgtQYIV7RZBV5Ot3RNmLXkzQ&gsessionid=AFrUULk1Ml3LBQWo7OQzx1TOgzeh8bwMUC2JyB0sH57whPPtPAz0vQ
https://www.google.com/goto?url=CAEScwHEIkXXht01oavsRHi8_YuvTmAHBA7fMl8UDV8S6kJOTef-QWdJqxl2T4RuYQHRzTIrME3Fdu0R14gx9OzVZXtV3qbz7XB58Z9dPdPrta_eCDqBcJgS6MP59xpFs0g6Bi-LwLhq8UBAJZdUnvGnIPQEuq0&gsessionid=aN1QD8XIX7Zfy9OEDs4RVtUK32fUJrQx-QGuaFEvwBHbtpjLDQyLFw
https://www.google.com/goto?url=CAEScwHEIkXXht01oavsRHi8_YuvTmAHBA7fMl8UDV8S6kJOTef-QWdJqxl2T4RuYQHRzTIrME3Fdu0R14gx9OzVZXtV3qbz7XB58Z9dPdPrta_eCDqBcJgS6MP59xpFs0g6Bi-LwLhq8UBAJZdUnvGnIPQEuq0&gsessionid=aN1QD8XIX7Zfy9OEDs4RVtUK32fUJrQx-QGuaFEvwBHbtpjLDQyLFw
https://www.google.com/goto?url=CAEScwHEIkXXht01oavsRHi8_YuvTmAHBA7fMl8UDV8S6kJOTef-QWdJqxl2T4RuYQHRzTIrME3Fdu0R14gx9OzVZXtV3qbz7XB58Z9dPdPrta_eCDqBcJgS6MP59xpFs0g6Bi-LwLhq8UBAJZdUnvGnIPQEuq0&gsessionid=aN1QD8XIX7Zfy9OEDs4RVtUK32fUJrQx-QGuaFEvwBHbtpjLDQyLFw
https://www.google.com/goto?url=CAESeQHEIkXXV5ap7A5NOfkzg6_uWDxeCur0HfBGKj8_Xiu2Ws2F3g3qWu6QTahaPObqngqYLrZdyKwh0sVYVHey614gqPBR33Jy8gT-hU1uQ-L5JFUgv4wYLfhNHapil94PH3wVGBeY0_RxYzl6DUa_sVTF8ts8NtF6QjQ&gsessionid=688uB7BjOFcrVD0vddx6yKmHSB6yE9dMLL525OjMoik8bclRXyX1SQ
https://www.google.com/goto?url=CAESeQHEIkXXV5ap7A5NOfkzg6_uWDxeCur0HfBGKj8_Xiu2Ws2F3g3qWu6QTahaPObqngqYLrZdyKwh0sVYVHey614gqPBR33Jy8gT-hU1uQ-L5JFUgv4wYLfhNHapil94PH3wVGBeY0_RxYzl6DUa_sVTF8ts8NtF6QjQ&gsessionid=688uB7BjOFcrVD0vddx6yKmHSB6yE9dMLL525OjMoik8bclRXyX1SQ
https://www.google.com/goto?url=CAESeQHEIkXXV5ap7A5NOfkzg6_uWDxeCur0HfBGKj8_Xiu2Ws2F3g3qWu6QTahaPObqngqYLrZdyKwh0sVYVHey614gqPBR33Jy8gT-hU1uQ-L5JFUgv4wYLfhNHapil94PH3wVGBeY0_RxYzl6DUa_sVTF8ts8NtF6QjQ&gsessionid=688uB7BjOFcrVD0vddx6yKmHSB6yE9dMLL525OjMoik8bclRXyX1SQ
https://www.google.com/goto?url=CAESeQHEIkXXRJOdGaDxuYSHCeOJgM7_J_XyfPYflSnAmLRsS7jM86yFK8sL6KJ4ZI2iuX3uc2WzR4NbIf5ZSdU3iW6psT0_uJc253uPjvmcYEOsXi0B4xs9Uos6bLiz-hyCl5mHRUQNarCKiUY7wP4hCU8Yor5lOU1qBjs&gsessionid=9OA0mIvyURIl40AOoELxXEC_msOHx-0T6nG5BqVn-tUPPIWYxNa5DA
https://www.google.com/goto?url=CAESeQHEIkXXRJOdGaDxuYSHCeOJgM7_J_XyfPYflSnAmLRsS7jM86yFK8sL6KJ4ZI2iuX3uc2WzR4NbIf5ZSdU3iW6psT0_uJc253uPjvmcYEOsXi0B4xs9Uos6bLiz-hyCl5mHRUQNarCKiUY7wP4hCU8Yor5lOU1qBjs&gsessionid=9OA0mIvyURIl40AOoELxXEC_msOHx-0T6nG5BqVn-tUPPIWYxNa5DA
https://www.google.com/goto?url=CAEShAEBxCJF12klaD3SGMkA2TBnzV7YyBXpoA6Z15PAL89BtwBKpL-zZ0UrO7qgL9NWVAbiRPeUHNxcI6WeJzCvrhvZlxmtp8bZs0AGr9KySFFLfCmwjRnFXgopG4hKkJWtkbI7gXT8QLHLS1cGBMU1rUGlpMxCdgAVZ7jClTacJvX2S1EfT9I&gsessionid=mGbf_ogSqK1IbBMfqKU7o-xQNo5QTTFL_YaUd2vFuEApOyH_Wan9ug
https://www.google.com/goto?url=CAEShAEBxCJF12klaD3SGMkA2TBnzV7YyBXpoA6Z15PAL89BtwBKpL-zZ0UrO7qgL9NWVAbiRPeUHNxcI6WeJzCvrhvZlxmtp8bZs0AGr9KySFFLfCmwjRnFXgopG4hKkJWtkbI7gXT8QLHLS1cGBMU1rUGlpMxCdgAVZ7jClTacJvX2S1EfT9I&gsessionid=mGbf_ogSqK1IbBMfqKU7o-xQNo5QTTFL_YaUd2vFuEApOyH_Wan9ug
https://www.google.com/goto?url=CAEShAEBxCJF12klaD3SGMkA2TBnzV7YyBXpoA6Z15PAL89BtwBKpL-zZ0UrO7qgL9NWVAbiRPeUHNxcI6WeJzCvrhvZlxmtp8bZs0AGr9KySFFLfCmwjRnFXgopG4hKkJWtkbI7gXT8QLHLS1cGBMU1rUGlpMxCdgAVZ7jClTacJvX2S1EfT9I&gsessionid=mGbf_ogSqK1IbBMfqKU7o-xQNo5QTTFL_YaUd2vFuEApOyH_Wan9ug
https://www.google.com/goto?url=CAESZgHEIkXXeAyUbhEOuC5huLHPXYcEfIr6MzHiRgI7dnQRAK6_KOOqhRfdf2tZYEzn4Hj2-DBKwOCwSQPy3P_jjo-1PGYeSpB5kzIT8Mrt4W9WZisOiYnVmI5RF5lfc5BeUPOoft2mqg&gsessionid=ZS8wD0cgUrN3av4YOb4aNFwF5VshS7cXHNa3oYGgX8t8Qe1Rq0hwPA
https://www.google.com/goto?url=CAESZgHEIkXXeAyUbhEOuC5huLHPXYcEfIr6MzHiRgI7dnQRAK6_KOOqhRfdf2tZYEzn4Hj2-DBKwOCwSQPy3P_jjo-1PGYeSpB5kzIT8Mrt4W9WZisOiYnVmI5RF5lfc5BeUPOoft2mqg&gsessionid=ZS8wD0cgUrN3av4YOb4aNFwF5VshS7cXHNa3oYGgX8t8Qe1Rq0hwPA
https://www.google.com/goto?url=CAESZgHEIkXXeAyUbhEOuC5huLHPXYcEfIr6MzHiRgI7dnQRAK6_KOOqhRfdf2tZYEzn4Hj2-DBKwOCwSQPy3P_jjo-1PGYeSpB5kzIT8Mrt4W9WZisOiYnVmI5RF5lfc5BeUPOoft2mqg&gsessionid=ZS8wD0cgUrN3av4YOb4aNFwF5VshS7cXHNa3oYGgX8t8Qe1Rq0hwPA
https://www.mdpi.com/2673-9410/5/1/10
https://www.mdpi.com/2673-9410/5/1/10
https://www.mdpi.com/2673-9410/5/1/10
https://www.google.com/goto?url=CAESfwHEIkXXujEiz8SOSugFQ2oO2VDMXG6dFAgnPqfspt8W_5dw2j4s4UlnftRVPz4ya40UTFM2DRNGfMQ5qnzxLjRkzpmlGE5LlGgRr-lFmcDX5H08z3U41V1G1g8VxL4c9Lu3cEsRdkU3B_pTC6OS5j2G1-40JE7dmyGNGFR_yzI&gsessionid=MMu_DAIb7GmA3wjab4B0td6MBGpTo0Vs2u7wo-AtgX6tOaJ_YLHZag
https://www.google.com/goto?url=CAESfwHEIkXXujEiz8SOSugFQ2oO2VDMXG6dFAgnPqfspt8W_5dw2j4s4UlnftRVPz4ya40UTFM2DRNGfMQ5qnzxLjRkzpmlGE5LlGgRr-lFmcDX5H08z3U41V1G1g8VxL4c9Lu3cEsRdkU3B_pTC6OS5j2G1-40JE7dmyGNGFR_yzI&gsessionid=MMu_DAIb7GmA3wjab4B0td6MBGpTo0Vs2u7wo-AtgX6tOaJ_YLHZag
https://www.google.com/goto?url=CAESZgHEIkXXW0AS2KTFxF4XNQTyN-PZyjObslzt5G1_wjXJbsBtqk8AuYb9afce_X9NrgDJJ80jl0CSDX49rsGggDAssrohyyHSEB8ob0Gcz5UYQaN525CgtQYIV7RZBV5Ot3RNmLXkzQ&gsessionid=AFrUULk1Ml3LBQWo7OQzx1TOgzeh8bwMUC2JyB0sH57whPPtPAz0vQ
https://www.google.com/goto?url=CAESZgHEIkXXW0AS2KTFxF4XNQTyN-PZyjObslzt5G1_wjXJbsBtqk8AuYb9afce_X9NrgDJJ80jl0CSDX49rsGggDAssrohyyHSEB8ob0Gcz5UYQaN525CgtQYIV7RZBV5Ot3RNmLXkzQ&gsessionid=AFrUULk1Ml3LBQWo7OQzx1TOgzeh8bwMUC2JyB0sH57whPPtPAz0vQ
https://www.google.com/goto?url=CAESZgHEIkXXW0AS2KTFxF4XNQTyN-PZyjObslzt5G1_wjXJbsBtqk8AuYb9afce_X9NrgDJJ80jl0CSDX49rsGggDAssrohyyHSEB8ob0Gcz5UYQaN525CgtQYIV7RZBV5Ot3RNmLXkzQ&gsessionid=AFrUULk1Ml3LBQWo7OQzx1TOgzeh8bwMUC2JyB0sH57whPPtPAz0vQ
https://www.google.com/goto?url=CAESZgHEIkXXW0AS2KTFxF4XNQTyN-PZyjObslzt5G1_wjXJbsBtqk8AuYb9afce_X9NrgDJJ80jl0CSDX49rsGggDAssrohyyHSEB8ob0Gcz5UYQaN525CgtQYIV7RZBV5Ot3RNmLXkzQ&gsessionid=AFrUULk1Ml3LBQWo7OQzx1TOgzeh8bwMUC2JyB0sH57whPPtPAz0vQ
https://pubmed.ncbi.nlm.nih.gov/28464113/
https://pubmed.ncbi.nlm.nih.gov/28464113/
https://pubmed.ncbi.nlm.nih.gov/28464113/
https://www.google.com/goto?url=CAESlQEBxCJF1xPoaZJZRs4h0jCyfSwsWNXXf12Ofif4fZZ7D1IBGKBuSV-iWeVNCypDO5VBg54xi6dlqpxAaQ4hiSYhjMDYtcVSqAWs5Tc4cg5Txfr85oGTlBSdmt7MTvYeqqzQ6MMazb5llhlygVibtggDtNqWEI_YsIyk7EvkAFKcWBFrZ2RFInx4in4yZ_zJrPyLkjgGbA&gsessionid=fjI6DTC0GkZWNwBtg1BbMkWUEkbmjAWGj9Y9-lCEztWhIJLdCAGqGg
https://www.google.com/goto?url=CAESlQEBxCJF1xPoaZJZRs4h0jCyfSwsWNXXf12Ofif4fZZ7D1IBGKBuSV-iWeVNCypDO5VBg54xi6dlqpxAaQ4hiSYhjMDYtcVSqAWs5Tc4cg5Txfr85oGTlBSdmt7MTvYeqqzQ6MMazb5llhlygVibtggDtNqWEI_YsIyk7EvkAFKcWBFrZ2RFInx4in4yZ_zJrPyLkjgGbA&gsessionid=fjI6DTC0GkZWNwBtg1BbMkWUEkbmjAWGj9Y9-lCEztWhIJLdCAGqGg
https://www.google.com/goto?url=CAESlQEBxCJF1xPoaZJZRs4h0jCyfSwsWNXXf12Ofif4fZZ7D1IBGKBuSV-iWeVNCypDO5VBg54xi6dlqpxAaQ4hiSYhjMDYtcVSqAWs5Tc4cg5Txfr85oGTlBSdmt7MTvYeqqzQ6MMazb5llhlygVibtggDtNqWEI_YsIyk7EvkAFKcWBFrZ2RFInx4in4yZ_zJrPyLkjgGbA&gsessionid=fjI6DTC0GkZWNwBtg1BbMkWUEkbmjAWGj9Y9-lCEztWhIJLdCAGqGg

	Title
	Abstract
	Introduction
	Global Status of Seaweed Aquaculture
	Historical development
	Current production trends

	Biology of Cultivated Seaweeds
	Classification
	Life cycles

	Seaweed Cultivation Systems
	Nearshore farming
	Longline systems
	Raft cultivation
	Bottom culture
	Offshore seaweed farming

	Hatchery Technologies and Seed Production
	Integrated Multi-Trophic Aquaculture (IMTA)
	Environmental Benefits of Seaweed Aquaculture
	Nutrient removal
	Carbon sequestration
	Biodiversity enhancement
	Reduced resource demand

	Industrial Applications
	Food and functional foods
	Alginate
	Agar
	Carrageenan
	Economic importance of hydrocolloids
	Animal feed
	Nutraceuticals and pharmaceuticals
	Bioenergy

	Challenges Facing Seaweed Aquaculture
	Climate change
	Diseases and biofouling
	Genetic erosion
	Regulatory constraints
	Economic limitations

	Emerging Technologies and Future Perspectives
	Selective breeding
	Genomics and precision aquaculture

	Conclusions
	Funding
	Conflicts of Interest
	Acknowledgments
	References
	Table 1
	Table 2
	Table 3
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

