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Abstract

The rapid expansion of global aquaculture necessitates sustainable, cost-effective, and
functional feed ingredients that support both production efficiency and fish health. This study
investigates Sargassum spp., a widely distributed brown seaweed, as a viable alternative feed
resource through the sequential extraction of laminarin, fucoidan and alginate. Proximate
analysis revealed high carbohydrate (36.8%) and mineral content (13.5%), moderate
protein (14.7%), and low lipid (2.1%), confirming the nutritional potential of the biomass.
Sequential extraction yielded a total of 21.6% polysaccharides. Functional characterization
demonstrated that alginate exhibits superior water holding and oil absorption capacities,
while fucoidan displays potent antioxidant activity, and laminarin provides moderate
immune-supportive properties. These findings provide empirical evidence aligning with
policy priorities on sustainable feed development, circular bioeconomy, and reduction
of antibiotic use. Incorporation of Sargassum-derived polysaccharides into aqua-feeds
supports local resource valorisation, enhances pellet stability, and improves fish health,
thereby addressing FAO recommendations for marine biomass utilization. This study
further underscores the importance of regulatory frameworks, standardized extraction
protocols, and safety assessments for large-scale implementation. By bridging experimental
outcomes with policy imperatives, this research offers actionable insights for stakeholders
seeking resilient, environmentally sustainable, and health-promoting aquaculture systems.

Volume 14 Issue 2 - 2026

Edah Bernard, Ukenye Esther A, Olagunju
Goodness E, Ayokhai Oshio ], Odeniyi
Omotayo A

Nigerian Institute for Oceanography and Marine Research
(N.LO.M.R), Nigeria

Correspondence: Edah Bernard, Nigerian Institute for
Oceanography and Marine Research (N..O.M.R), 12729,
3-Wilmot Point Road, Victoria Island, Lagos, Nigeria

Received: April 01,2026 | Published: May 07,2026

Keywords: Policy, Sustainable Aqua-feed, Polysaccharides, Circular-Bioeconomy

Introduction

The rapid growth of global aquaculture has intensified the
demand for sustainable, nutritionally efficient, and cost-effective
feed ingredients capable of supporting production while minimizing
environmental impacts. Conventional feed resources such as fishmeal
and soybean meal are increasingly limited by rising costs, ecological
pressures, and competition with human food systems.'?> These
constraints have stimulated both scientific research and policy interest
in alternative feed resources that can enhance sustainability and
resilience within aquaculture systems.?

Marine macroalgae have emerged as promising candidates due to
their abundance, rapid growth rates, and rich biochemical composition.
Among them, Sargassum spp., a dominant brown seaweed widely
distributed in tropical and subtropical regions, has attracted
considerable attention for its potential in aqua-feed development.**
In recent years, large-scale Sargassum blooms in the Atlantic have
created significant ecological and economic challenges, particularly
along coastal regions of Africa and the Caribbean, prompting
increased interest in its valorisation.® Converting this excess biomass
into functional feed ingredients aligns with both research innovation
and policy goals related to waste utilization and blue economy
development. Nutritionally, Sargassum biomass is characterized by
high carbohydrate content, moderate protein levels, and substantial
mineral composition.”'* More importantly, its carbohydrate fraction
contains structurally and biologically significant polysaccharides,
including alginate, fucoidan, and laminarin, which exhibit diverse
functional properties relevant to aquaculture.''? Alginate is widely
recognized for its gel-forming and water-binding properties,
contributing to improved feed pellet stability and reduced nutrient
leaching.”” Fucoidan, a sulphated polysaccharide, demonstrates
antioxidant, antimicrobial, and immunomodulatory activities that can
enhance fish health and disease resistance.'? Similarly, laminarin, a

B-glucan, has been reported to exert prebiotic and immune-stimulating
effects in aquaculture species.'

Despite Therefore, this study aims to sequentially extract laminarin,
fucoidan and alginate from Sargassum spp. (Sargassum natans)
and evaluate their yields and functional properties. By integrating
experimental evidence with emerging sustainability considerations,
the study contributes to both these promising attributes, the efficient
extraction and utilization of Sargassum-derived polysaccharides
remain a critical challenge. Conventional extraction techniques often
focus on single compounds, limiting overall biomass utilization and
economic feasibility. In contrast, integrated biorefinery approaches
enables the sequential recovery of multiple valuable components,
improving resource efficiency and supporting scalable applications.'>!¢
While such approaches are gaining traction globally, there is still
limited research on their optimization and functional outcomes for
aqua-feed applications, particularly within West African contexts
where Sargassum biomass is increasingly abundant.

Therefore, this study aims to sequentially extract laminarin,
fucoidan and alginate from Sargassum spp. (Sargassum natans)
and evaluate their yields and functional properties. By integrating
experimental evidence with emerging sustainability considerations,
the study contributes to both scientific understanding and the
development of practical policy strategies for sustainable aqua-feed
innovation.

Materials and methods

Study area

Samples were collected from the Commodore Channel (6°24°N,
3°23’E), Lagos, Nigeria. The channel forms the primary navigational
route linking Lagos Harbour with the Atlantic Ocean and supports
significant macroalgal growth due to tidal mixing and nutrient inflow.
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Sample collection and extraction of polysaccharides

Fresh drift of Sargassum spp. (Figure 1) were collected manually
along the shoreline during low tide between February and July 2025.
The collected biomass was thoroughly washed with seawater to remove
sediments, epiphytes, and associated fauna, followed by rinsing
with distilled water. The samples were oven-dried at 60 °C using a
laboratory dryer (FP 240, Binder, Germany) until a constant weight
was achieved. The dried Sargassum spp. were milled using a Wiley
laboratory mill (Model 4, Thomas Scientific, USA). The powdered
biomass was sieved through a 250 pum mesh to ensure uniform particle
size and enhance solvent penetration during extraction. Initial analysis
was conducted at the Central Laboratory of the Nigerian Institute for
Oceanography and Marine Research (NIOMR), Lagos, after which the
prepared samples were transported to BolTech Chemical Laboratory,
Abuja, for further analysis. Sequential extraction of polysaccharides
from Sargassum was carried out following a biorefinery approach as
described by Birgersson'” and Ummat'® with slight modifications.
Extraction was performed in the order of laminarin, fucoidan, and
alginate to ensure selective recovery of water-soluble and sulphated
polysaccharides prior to alkaline treatment.

Figure | Fresh Sargassum spp. (Sargassum natans).
Laminarin extraction and quantification

The pre-treated biomass was extracted with distilled water at
a solid-liquid ratio of 1:20 (w/v) and heated at 80 °C for 2 h with
continuous stirring. The mixture was filtered and centrifuged at
5,000-8,000 x g for 10-15 min to remove insoluble residues. The
supernatant was concentrated and laminarin was precipitated by the
addition of three volumes of ethanol, followed by incubation at 4 °C
for 12-24 h. The precipitate was collected by centrifugation, washed
with ethanol, and dried at 40—60 °C to constant weight.

Fucoidan extraction and quantification

The residue obtained after laminarin extraction was subjected
to mild acid extraction using 0.05 M HCI at a solid-liquid ratio of
1:15 (w/v) and heated at 65 °C for 2 h with continuous stirring. The
mixture was filtered and centrifuged at 8,000 x g for 15 min to remove
insoluble materials. The supernatant was treated with CaCl, to a final
concentration of 1% (w/v) and allowed to stand for 1 h to precipitate
co-extracted alginate, followed by centrifugation. Fucoidan was
precipitated from the clarified extract by the addition of two volumes
of ethanol and incubation at 4 °C for 12-24 h. The precipitate was
collected by centrifugation, washed with ethanol, and dried at 40-60
°C to constant weight.
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Alginate extraction

The residual biomass obtained after fucoidan extraction was
washed thoroughly with distilled water to neutral pH and treated with
0.2 M hydrochloric acid (HCI) for 1 h to convert insoluble alginate
salts into alginic acid. The acid-treated residue was washed again
with distilled water until a neutral pH was achieved and subjected
to alkaline extraction using 2% (w/v) sodium carbonate (Na,CO3)
at a solid-liquid ratio of 1:10 (w/v). The mixture was heated at 85
°C for 2 h with continuous stirring to solubilize the alginate. The
resulting slurry was filtered through a filter paper to remove insoluble
residues and obtain a clear extract. Alginate present in the filtrate was
subsequently precipitated by the addition of two volumes of ethanol.
The precipitated alginate was collected and dried in an oven at 60 °C
until a constant weight was achieved.

Determination of extraction yield

The extraction yield of each polysaccharide fraction (laminarin,
fucoidan, and alginate) was calculated based on the dry weight of the
initial seaweed biomass.

Weight of dried polysaccharide extract(g) X100

Yield (%)=
ield (%) Weight of dried seaweed sample (g)

Where:

- Weight of dried polysaccharide extract = final dried mass
after precipitation

- Weight of dried seaweed sample = initial oven-dried biomass
used for extraction

All extractions were conducted in triplicate, and results were
expressed as mean + standard deviation.

Analysis of proximate

The proximate composition of the dried Sargassum spp. samples,
including moisture, crude protein, crude fibre, lipid, ash, and
carbohydrate was determined using standardized methods of the
Association of Official Analytical Chemists.”” All analyses were
conducted in triplicate, and results were expressed as percentages on
a dry weight basis.

Functional properties

Water holding capacity and oil absorption capacity were
determined using standard gravimetric methods. Antioxidant activity
was measured using the DPPH radical scavenging assay.

Statistical analysis

All analyses were performed in triplicate and results expressed
as mean + standard deviation. Data were analyzed using one-way
analysis of variance (ANOVA) followed by Duncan multiple range
comparison test. Statistical significance was considered at p < 0.05.

Results
Proximate composition

The proximate composition of dried Sargassum spp. revealed that
carbohydrates constituted the largest fraction, accounting for 36.8%
of the dry weight (Table 1). This high carbohydrate content reflects
the abundance of structural and storage polysaccharides typical of
brown macroalgae. The ash content was also considerable (13.5%),
indicating the mineral-rich nature of the biomass. Protein content was
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moderate (14.7%), while lipid levels were low (2.1%), consistent with
the general compositional profile of marine seaweeds. The relatively
low moisture content (9.4%) suggests effective drying and enhanced
storage stability, while the fibre content (19.8%) indicates the presence
of significant structural polysaccharides.

Table | Proximate composition of dried sargassum spp.

Parameter Value (%)
Moisture 9.4+ 05
Protein 147 £ 0.2
Lipid 2.1 £0.6
Ash 135+0.1
Carbohydrate 368+ 0.5
Fibre 19.8 £ 0.1

Note:Values are means + SD.
Sequential extraction of polysaccharides

Sequential extraction of Sargassum biomass yielded three major
polysaccharide fractions: laminarin, fucoidan and alginate (Figure
2). Among these, alginate was the predominant component, with
a yield of 14.8% (dry weight), reflecting its role as the principal
structural polysaccharide in the brown seaweeds. In contrast, fucoidan
and laminarin were obtained in lower yields of 3.2% and 3.6%,
respectively. The total polysaccharide recovery was 21.6%, indicating
the effectiveness of the sequential extraction process in maximizing
biomass utilization.

Yield of Extracted Polysaccharides (% dry weight)

16
14 . Alginate
12
10
Yield 8
(% dry wt) 6
4 . Fucoidap® Laminarin
2 TR
0
0 1 2 3 4

Figure 2 Polynomial plot showing the yield of extracted polysaccharides
(alginate, fucoidan, and laminarin) from sargassum spp., expressed as

percentage of dry weight. Each point represents the mean yield (n = 3).

Alginate exhibited the highest yield, followed by laminarin and fucoidan. The
dotted line connects the data points to show the trend in extraction efficiency
across the polysaccharides.

Functional property

The functional properties of the extracted polysaccharides are
presented in (Figure 3). Alginate exhibited the highest water holding
capacity (4.6 = 0.7 g/g), indicating strong hydration and gel-forming
properties suitable for feed binding and pellet stabilization. It also
showed the highest oil absorption capacity (2.4 + 0.2 g/g), suggesting
its ability to retain lipids within feed matrices. Fucoidan demonstrated
the highest antioxidant activity (47.1 = 0.2%), as indicated by DPPH
radical scavenging, highlighting its potential as a bioactive component
in aqua-feeds. Laminarin showed comparatively lower values across
all parameters, although it maintained moderate functional properties.
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Functional Properties
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Alginate Fucoidan

Laminarin
Water Holding Capacity 3.810.5b

Oil Absorption Capacity

38.5+0.5b

Antioxidant Activity 47.1+0.2¢ 32.6+0.1a

Low Standardized Value (Z-score) High

L ——
Figure 3 Clustered heatmap showing the functional properties of
polysaccharides (alginate, fucoidan, and laminarin) extracted from sargassum
spp. Hierarchical clustering was performed using ward’s method based on
euclidean distance. Color intensity represents relative magnitude of each
property, with red indicating higher values and blue indicating lower values.
Values are expressed as mean * standard deviation (n = 3), and different
superscript letters (a—c) denote significant differences (p < 0.05) among
samples within each property.

Discussion

The proximate composition obtained in this study highlights the
nutritional potential of Sargassum spp. and its relevance for aqua-feed
applications. The low moisture content observed indicates effective
drying and suggests enhanced storage stability, as reduced moisture
limits microbial growth and prolongs shelf life. Similar moisture
levels were reported by Bamidele® for Sargassum from the Badagry
coast, confirming that properly dried seaweed biomass remains stable
under tropical conditions. The protein content, although moderate
compared to conventional plant protein sources, is significant for
marine biomass and suggests that Sargassum can contribute to dietary
protein in aqua-feeds. However, supplementation may be required in
high-protein formulations. This observation agrees with Ismail*' who
reported comparable protein values in Red Sea brown seaweeds and
concluded that seaweed-derived proteins enhance immune responses
in fish. Similarly, Bauta® reported protein levels of 12-16% in
Caribbean Sargassum, supporting its role as a supplementary protein
source.

The lipid content was low, which is characteristic of brown
seaweeds. This is attributed to their limited accumulation of neutral
lipids, although they contain essential fatty acids of nutritional
importance. Ismail*! further noted that despite low lipid levels,
seaweed lipids are rich in omega-3 fatty acids, which contribute to
improved fish health. The ash content was relatively high, reflecting
the rich mineral composition of marine algae due to continuous
absorption of dissolved salts from seawater. This finding aligns with
Delphonso,” who reported similar ash values in Nigerian Sargassum
and emphasized its contribution to mineral balance in aqua-feeds. The
carbohydrate fraction was predominant, indicating the abundance of
structural and storage polysaccharides such as laminarin, fucoidan and
alginate. This high carbohydrate content suggests that Sargassum can
serve both as an energy source and as a functional ingredient in aqua-
feed formulations. Ahmad and Turkistani* similarly emphasized the
importance of Sargassum species as valuable carbohydrate resources
for sustainable aquaculture. The fibre content was also substantial,
reflecting the presence of structural polysaccharides and insoluble
dietary components. While high fibre supports gut health and feed
stability, excessive levels may reduce digestibility if not properly
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processed. Adharini® reported comparable fibre values and concluded
that controlled inclusion enhances intestinal function and supports
sustainable feed development.

Beyond the nutritional composition, the extraction yield of
polysaccharides provides further insight into the resource potential
of Sargassum spp. The results of this study showed that alginate had
the highest yield, which is expected as it is the principal structural
polysaccharide in brown seaweeds. Its localization within the cell
wall matrix and its strong association with divalent cations (e.g.,
Ca?") enhance its abundance and facilitate recovery during alkaline
extraction. In addition, its uronic acid-rich composition, consisting
of B-D-mannuronic and o-L-guluronic acid residues, contributes to
its solubility and extractability. The high yield obtained therefore
suggests that alginate can serve as the bulk functional component
in aqua-feeds, particularly in improving pellet cohesion and water
stability. This finding is in line with Hu,? who reported alginate yields
above 12% in Laminaria japonica and concluded that its structural
predominance makes it the most extractable polysaccharide. Similarly,
Rahman®” emphasized that alginate consistently represents the largest
fraction of brown seaweed polysaccharides which agrees with the
findings of this study.

In contrast, fucoidan and laminarin were obtained in lower yields,
which is attributed to their lower natural abundance and specific
cellular localization. Fucoidan is primarily associated with the outer
cell wall and exists as a sulphated, heterogeneous polysaccharide that
may be partially lost during pre-treatment and purification processes.
Despite its low yield, fucoidan remains highly valuable due to its strong
bioactive properties. The findings of this study agree with Khanzadeh?®
who reported fucoidan yields of 2-4% in Sargassum ilicifolium and
concluded that its biological activity compensates for its limited
abundance. Ummat® also reported comparable yields and highlighted
its potential in functional aqua-feeds. Similarly, Laminarin, a storage
polysaccharide located in vacuoles, also exhibited a relatively low
yield. Its content is known to vary depending on environmental
conditions such as season, light intensity, and nutrient availability.
The slightly higher yield of laminarin compared to fucoidan observed
in this study may therefore reflect biological variability and extraction
efficiency. Although present in modest quantities, laminarin plays an
important physiological role. This observation agrees with Wu,** who
reported laminarin yields of 3—6% and concluded that its prebiotic and
immune-stimulatory functions outweigh its lower physicochemical
contribution. Krishnan®' similarly noted that laminarin yields are
consistently moderate but biologically significant which agrees with
the findings of this study. The total polysaccharide yield obtained in
this study demonstrates the effectiveness of the sequential extraction
approach in maximizing biomass utilization. This integrated recovery
strategy enhances both economic value and sustainability by
producing multiple functional compounds from a single raw material.
A similar conclusion was reached by Otero*? who emphasized that
comprehensive extraction approaches significantly improve the
overall value of seaweed biorefineries.

In addition to yield, the functional properties of the extracted
polysaccharides further demonstrate their suitability for aqua
feed applications. Alginate exhibited the highest water holding
and oil absorption capacities, which can be attributed to its linear
copolymeric structure and the presence of hydrophilic carboxyl
groups. These structural features enhance water binding, swelling,
and gel formation, thereby improving pellet integrity and reducing
nutrient leaching in aquatic environments. This observation is
consistent with Anjana and Arunkumar,** who reported that alginate
significantly enhances feed texture and water stability. In a similar
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vein, Hu reported improved pellet durability with alginate inclusion,
which aligns with the findings of this study. Fucoidan showed
moderate water holding and oil absorption capacities but the highest
antioxidant activity. This is attributed to its sulphated structure, where
sulphate ester groups enhance electron-donating ability and free
radical scavenging activity. The relatively lower binding capacity
compared to alginate is due to its branched structure and limited
gel-forming ability. The high antioxidant activity observed suggests
that fucoidan can play a protective role in aqua-feeds by reducing
oxidative stress and enhancing immune responses in fish. This finding
agrees with Lan® who attributed fucoidan antioxidant properties to
its sulphate content. Furthermore, Liu*® reported improved intestinal
health and antioxidant status in fish fed fucoidan-supplemented diets,
while Li*” demonstrated enhanced disease resistance, supporting
the present results. Laminarin exhibited comparatively lower water
holding capacity, oil absorption capacity, and antioxidant activity.
This is observed by its low molecular weight and relatively simple
B-(1—3)-glucan structure, which limits its ability to form viscous
gels or interact strongly with water and lipids. However, despite these
lower physicochemical properties, laminarin remains biologically
important due to its prebiotic and immune-modulatory effects. Its
lower viscosity may be advantageous, as it allows incorporation
into feeds without compromising pellet quality. This observation
agrees with Wu* who reported moderate antioxidant activity but
significant immune-enhancing effects of laminarin. Similarly, Cui®*
noted that laminarin exhibits lower functional properties compared
to other brown seaweed polysaccharides due to its simpler molecular
structure. Although structural characterization was not performed in
this study due to equipment limitations, the extraction procedures
employed were based on established and validated protocols. The
observed differences among the polysaccharides can therefore be
attributed to their distinct molecular architecture and functional
groups. Alginate primarily enhances feed physical quality, fucoidan
provides antioxidant and health-promoting benefits, and laminarin
supports immune modulation and gut health. These complementary
functionalities suggest that their combined application could
provide both structural and physiological advantages in aqua-feed
formulations. This integrated potential has been emphasized by
Ummat'® and Dhakal* who highlighted the importance of sequentially
extracted seaweed polysaccharides as multifunctional ingredients for
sustainable aquaculture systems.

Furthermore, the outcome of this study is consistent with
global policy directions which emphasizes the transition toward
sustainable and locally sourced feed resources. The FAO* policy
report on aquaculture transformation highlighted that alternative feed
ingredients derived from marine biomass are essential for reducing
dependence on fishmeal and improving sector resilience. This
aligns with the present findings, where Sargassum biomass yielded
a high total polysaccharides, confirming its practical potential as a
feed resource. Similarly, Edu* reported in a global seaweed policy
framework that macroalgae utilisation can significantly enhance feed
sustainability while supporting coastal economies, which directly
supports the valorisation approach demonstrated in this study. The
dominance of alginate in the extracted fractions further supports
policy recommendations advocating the use of natural binders in feed
production. Hecht** emphasized in their policy-oriented review that
improving feed physical quality through sustainable binders is critical
for reducing feed waste and enhancing efficiency. The high water
holding capacity observed for alginate in this study therefore provides
empirical backing to this policy recommendation. In a similar vein,
Vargas-Cardenas* reported that alginate-rich seaweed extracts can
improve pellet durability and reduce nutrient leaching, which is
consistent with the functional outcomes recorded in this study. In
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terms of health-promoting properties, the high antioxidant activity
exhibited by fucoidan aligns with policy frameworks addressing
antimicrobial resistance in aquaculture. Lulijwa* reported that global
aquaculture policies are increasingly encouraging the use of natural
immune-stimulants as alternatives to antibiotics. The findings of this
study are in line with this policy direction, as fucoidan demonstrated
strong antioxidant capacity, suggesting its suitability as a natural
health-promoting additive. Likewise, Dhakal*® emphasized that
marine-derived polysaccharides such as fucoidan and laminarin play
critical roles in enhancing fish immunity and stress tolerance, which
supports the observed functional relevance of these compounds in this
study.

Additionally, the utilization of Sargassum biomass in this study
reflects circular bioeconomy policy principles. UNEP* reported
that converting marine biomass waste into valuable products is
a key strategy for achieving sustainable ocean economies. The
present findings, which demonstrate the successful conversion of
Sargassum into functional feed ingredients, are directly in line with
this policy recommendation. Fagundo-Mollineda*” also noted that
Sargassum blooms, often considered an environmental nuisance, can
be transformed into economically viable resources, reinforcing the
environmental and economic relevance of this research. However,
policy literature also highlights important implementation challenges.
Ciaramella** emphasized the need for standardization, safety
assessment, and regulatory frameworks for seaweed-derived products
in aquaculture. The absence of advanced structural characterization
in this study reflects these broader policy gaps, indicating the need
for further research and institutional support. Dhakal® also noted
that while seaweed polysaccharides show strong potential, their
large-scale adoption depends on improved processing technologies
and regulatory clarity. The findings of this study not only align
with existing aquaculture policy frameworks but also provide
experimental validation for policy recommendations on sustainable
feed development, circular bioeconomy, and reduced antibiotic
use. The functional and economic potential of Sargassum-derived
polysaccharides in this study also contributes to bridging the gap
between policy intentions and practical implementation in sustainable
aquaculture systems.

Conclusion

This study provides empirical evidence supporting the integration
of Sargassum spp. into sustainable aqua-feed systems, with direct
implications for policy development in aquaculture, blue economy,
and circular bioresource utilization. The favourable proximate
composition and the successful recovery of alginate, fucoidan, and
laminarin demonstrate that Sargassum biomass can serve as a viable,
locally available alternative to conventional feed ingredients. This
aligns with global aquaculture policy priorities that advocate reducing
dependence on imported fishmeal and promoting indigenous,
resource-efficient feed inputs, as emphasized in FAO,' and Tacon
and Turchini.* The dominance of alginate and its strong functional
properties further reinforce policy recommendations encouraging the
use of natural binders to improve feed efficiency and reduce nutrient
losses. From a broader policy perspective, this study reinforces circular
bioeconomy and blue economy frameworks by demonstrating the
conversion of Sargassum which is often regarded as an environmental
nuisance into high-value functional products. This aligns with global
sustainability mandates that emphasize transforming marine biomass
waste into economically viable resources. The findings therefore
provide actionable evidence to support policies that integrate
coastal biomass management with aquaculture development and
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industrial innovation. Furthermore, consistent with prevailing policy
frameworks, the study highlights critical gaps that must be addressed
to enable large-scale adoption, including the need for standardized
extraction protocols, robust quality control systems, and clear
regulatory approval pathways for seaweed-derived feed ingredients.
Finally. this study not only advances scientific understanding but
also offers strong policy-relevant evidence for the development
of sustainable, health-promoting, and locally adaptable aqua-feed
systems. By bridging experimental results with policy priorities, it
provides a solid foundation for informed decision-making, strategic
investment, and regulatory development aimed at achieving resilient
and environmentally sustainable aquaculture.
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