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The sustainable supply of n-3 long-chain polyunsaturated fatty acids (n-3 LC-
PUFA) remains a major challenge for global aquaculture. Although plant oils,
microalgae, genetically modified crops, insects, krill, and fish by-products have
been explored as alternative sources, none currently provides a stand-alone
solution for meeting the growing demand of n-3 LC-PUFA in aquafeeds’
production. Here, we present marine gammarids as a potential complementary
source of these fatty acids. Our Perspective article focuses on the nutritional
attributes of marine gammarids, including their naturally high levels of
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and considers
their biological traits that support aquaculture practicality. We also examine the
potential of marine gammarids for circular bioeconomy applications through
trophic upgrading of low-value side streams. While evidence from feeding trials is
limited, preliminary data suggest marine gammarids may maintain their high EPA
and DHA content even when fed on low-quality diets. Critical research priorities
include developing scalable production systems, optimising feed formulations,
evaluating performance across key aquaculture species, and assessing ecological
and operational feasibility. This Perspective also highlights the potential of marine
gammarids to contribute to a diversified and resilient aquafeed portfolio.
Although they are unlikely to replace fish meal or fish oil entirely, marine
gammarids may serve as a strategic complementary ingredient.

KEYWORDS

aquafeeds, circular economy, fatty acids, marine gammarids, trophic upgrading

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2025.1697384/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1697384/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1697384/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2025.1697384&domain=pdf&date_stamp=2025-12-10
mailto:rjcalado@ua.pt
mailto:marta.carvalho@sciencecrunchers.com
https://doi.org/10.3389/fmars.2025.1697384
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2025.1697384
https://www.frontiersin.org/journals/marine-science

Calado et al.

1 Introduction

The global supply of n-3 long-chain-polyunsaturated fatty acids
(n-3 LC-PUFA), particularly eicosapentaenoic acid (EPA, 20:51-3)
and docosahexaenoic acid (DHA, 22:61-3), remains insufficient to
meet their increasing demand. This persistent shortfall has been
widely recognised as a critical global issue with significant
implications (Glencross et al., 2024). EPA and DHA are essential
nutrients for human and animal health, supporting neural
development and offering protection against diverse chronic
diseases (Kerdiles et al., 2017). Although some fish species can
synthesise n-3 LC-PUFA endogenously, their capacity is limited
and generally inadequate, particularly in marine carnivorous
species; therefore, dietary supplementation remains necessary
(Izquierdo, 2005; Tocher, 2015).

Historically, wild fisheries have been the primary source of n-3
LC-PUFA for human consumption. However, with most global fish
stocks now fully exploited or overexploited, capture fisheries are
insufficient to meet current and future demand (FAO, 2024).
Aquaculture, now exceeding capture fisheries in total production,
is increasingly relied upon to provide high-quality protein and
lipids (FAO, 2024). Despite advances, with modern grow-out diets
for marine fish now include less than 10% FM and approximately
5% FO, aquafeeds still depend heavily on wild fish stocks, using
most of the world’s fish meal (FM) and fish oil (FO). Although FM
and FO inclusion levels have declined markedly in recent decades,
they remain the most concentrated and reliable natural sources of
EPA and DHA, and replacing them sustainably continues to pose
significant challenges. Nevertheless, aquafeed production still
depends heavily on wild fish stocks, consuming approximately
87% and 74% of the global fish meal (FM) and fish oil (FO)
output, respectively (Glencross et al., 2023, 2024).

The shift toward plant-based ingredients has reduced reliance
on marine resources. However, it introduced new nutritional
limitations. Plant meals and oils generally contain little or no
EPA or DHA and often have high n-6/n-3 ratios, which can
impair fish health and fillet quality. Additional n-3 LC-PUFA
sources, including insect meals, microbial biomass, and marine
by-products, have been explored, but cost-efficient, scalable
ingredients with EPA and DHA profiles comparable to FM and
FO remain scarce.

This Perspective examines marine gammarids as an
underexplored and potentially complementary ingredient,
positioning them among other emerging n-3 LC-PUFA sources
and identifying key knowledge gaps and research opportunities.

2 Diversification of n-3 LC-PUFA
sources

Developing additional sources of n-3 fatty acids to supplement
or replace FM and FO has broadened the aquafeed ingredient
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basket. These innovations have helped reduce dependence on finite
marine inputs. However, no single alternative currently provides a
scalable and stable stand-alone solution for supplying n-3 LC-
PUFA to global aquaculture.

Plant-derived meals and oils are widely used due to availability
and cost, but they contain negligible EPA and DHA and are
typically rich in n-6 fatty acids. This imbalance may impair
growth and immune function, limiting their ability to meet the n-
3 LC-PUFA requirements of most farmed marine species. As a
result, their role remains largely supportive rather than substitutive
(Tocher, 2015).

Microbial sources, particularly single-cell organisms such as
microalgae, represent a promising route for sustainable production
of n-3 LC-PUFA. These organisms can synthesise EPA and DHA de
novo, and their use has expanded in recent years. However, large-
scale application is restricted by high production costs associated
with cultivation, energy use, and biomass stabilisation. Although
potent in n-3 LC-PUFA content, reaching 58% of n-3 LC-PUFA
(Glencross et al., 2024), their cost profile currently limits
widespread adoption (Tocher et al., 2019).

Genetically modified (GM) oilseed crops engineered to produce
EPA and/or DHA offer a scalable land-based option. Oils from
crops such as Camelina or Canola have demonstrated promising
DHA and EPA levels (DHA reaching up to 12% and EPA to 24%)
and good tissue incorporation in feeding trials (Sprague et al., 2017).
However, broader adoption remains constrained by regulatory and
consumer acceptance barriers, particularly in Europe. Additionally,
differences in lipid form may influence bioavailability, creating
further uncertainty regarding their full equivalency to marine-
derived oils (Tocher et al., 2019).

Insects, particularly the black soldier fly (Hermetia illucens), are
increasingly explored for circular aquafeeds due to their ability to
convert organic waste into protein-rich biomass (Barroso et al.,
2014). However, their lipids predominantly contain saturated and
n-6 fatty acids, and EPA/DHA levels remain minimal unless marine
substrates are added to their diet. This dependence on marine
inputs limits their contribution to reducing FO reliance (Hossain
et al., 2023).

Several marine-origin alternatives have also received attention.
Krill (Euphausia superba) provides a high-quality phospholipid-
rich source of EPA and DHA, reaching up to 34% of total fatty acids
(BioMarine, 2022; Glencross et al., 2024). However, it raises
ecological concerns due to its central role in polar food webs
(Cavan et al, 2019). Similarly, fish by-products can offer a
valuable LC-PUFA source, providing up to 14% of these fatty
acids for instance in salmon by-products (Glencross et al., 2024;
Monteiro et al., 2024); yet their availability and nutritional
consistency vary geographically and seasonally. These limitations
reduce their predictability and broader applicability.

In comparison, marine gammarids may offer a unique
combination of moderately high n-3 LC-PUFA content,
adaptability, and potential for circular production, warranting
closer evaluation as part of a diversified raw-material portfolio.
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3 Nutritional potential of marine
gammarids as n-3 LC-PUFA source

Marine gammarids are small peracarid crustaceans occupying
intermediate trophic levels in marine and estuarine food webs.
Their ecological role, combined with favourable biochemical and
biological traits, positions them as promising candidates for
aquafeed development (Ahyong, 2020). Moreover, certain species
have shown potential to contribute to closing the n-3 LC-PUFA
supply gap in aquafeeds.

Although comprehensive lipid analyses exist for fewer than ten
marine amphipod species, the available data indicate that marine
gammarids often exhibit higher levels of protein, lipids, carotenoids,
and essential fatty acids than many freshwater counterparts (Baeza-
Rojano et al., 2014). Marine environments naturally support higher n-3
LC-PUFA availability, contributing to elevated EPA and DHA content
in marine invertebrates (Ishikawa et al., 2019; Twining et al,, 2021).
Species such as Gammarus locusta (Figure la), Marinogammarus
marinus (previously known as Echinogammarus marinus, Figure 1b),
and Gammarus insensibilis show particularly favourable profiles
(Table 1). For instance, M. marinus and G. insensibilis have been
reported to contain EPA and DHA concentrations of up to 18% and
10% of their total fatty acids content, respectively (Alberts-Hubatsch
et al,, 2019; Jiménez-Prada et al., 2021), being competitive with several
alternative feed ingredients.

The biosynthetic capacity of marine gammarids to produce #-3
LC-PUFA has been inferred from feeding trials assessing the impact
of dietary fatty acids on their tissue profiles (Baeza-Rojano et al.,
2014; Alberts-Hubatsch et al., 2019; Jiménez-Prada et al., 2021). The
ability to synthetise n-3 LC-PUFA depends on the presence and
function of key enzymes involved in fatty acid elongation and
desaturation (Monroig et al., 2022). Three genes, namely elovi4,
elovl6, and elovll/7-like, encoding fatty acyl elongases, which
catalyse the rate-limiting step in the fatty acid elongation pathway
(Monroig et al., 2022), were recently identified in M. marinus
(Ribes-Navarro et al., 2021). Functional analyses further indicated
that elovl4 and elovll/7-like act as PUFA elongases, with specificity
for substrates ranging from C;g to Cy,. In contrast, elovI6 displayed
activity limited to C;3 PUFA substrates, suggesting it plays little or
no role in n-3 LC-PUFA biosynthesis in marine gammarids (Ribes-
Navarro et al., 2021). Although marine gammarids possess
elongases involved in LC-PUFA biosynthesis, they appear to lack
the desaturases required for full de novo synthesis of EPA and DHA
via known biosynthetic pathways. Therefore, their ability to
maintain consistently high EPA and DHA levels is therefore more
likely linked to efficient dietary retention and, potentially, to
microbial symbionts capable of LC-PUFA biosynthesis, although
this remains to be confirmed experimentally. Building on this, the
consistently high n-3 LC-PUFA content of marine gammarids
appears to be strongly influenced by trophic upgrading, a process
through which lower-quality dietary substrates are converted into
EPA- and DHA-enriched biomass. Importantly, this enrichment
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does not depend on substrates of marine origin, since species such
as G. locusta and G. insensibilis can maintain elevated EPA and
DHA levels, even when cultured on terrestrial plant-based side
streams, including lupine meal and carrot leaves (Jimenez-Prada
et al., 2021; Ribes-Navarro et al.,, 2022). The operational
implications of this trophic upgrading capacity for circular
aquaculture production are further explored in Section 4.

In natural ecosystems, amphipods serve as a key trophic link
and constitute an important dietary component for a wide range of
demersal fish and invertebrates (Pita et al., 2002). Yet, a limited
number of studies have investigated their application in
aquaculture. For instance, in Norway, meal produced from the
wild-caught marine pelagic amphipod Themisto libellula was used
successfully as a complete replacement for FM in formulated feeds
for Atlantic cod (Gadus morhua) and salmon (Salmo salar),
resulting in growth rates comparable to or even exceeding those
achieved with traditional FM-based diets (Moren et al., 2006).
Several amphipod species have also been evaluated as live or
whole-animal diets for rearing hatchlings of the common
cuttlefish (Sepia officinalis), with marine amphipods supporting
good growth compared to caprellid amphipods (Baeza-Rojano
et al., 2010). Notably, the marine amphipod Hyale media has
been shown to enhance the growth performance of Mexican four-
eyed octopus (Octopus maya) hatchlings when compared to the
freshwater amphipod Hyalella azteca or brine shrimp Artemia spp.,
likely due to its superior essential fatty acid profile (Baeza-Rojano
et al,, 2013, 2014). Studies evaluating the inclusion of marine
gammarids in fish diets remain extremely limited. In amberjack
(Seriola dumerili) juveniles, a diet containing G. insensibilis
improved survival rates, though growth was lower compared to
fish fed a commercial diet (Prada, 2018). In the same study,
behavioural changes were also noted, with amberjack fed the
gammarid diet displaying reduced aggressive behaviour during
feeding. Although a detailed assessment of protein and amino
acid composition lies outside the scope of this Perspective, marine
gammarids generally also contain protein levels comparable to
other marine invertebrates and show favourable amino acid
profiles that align with the nutritional requirements of marine
fish and shrimp species. These features may partially explain the
good results achieved when gammarids biomass is incorporated in
the formulation of aquafeeds (Baeza-Rojano et al., 2014).

Several freshwater amphipod species are already commercially
available in the aquatic pet trade, particularly as premium feeds for
water turtles and other ornamental species, and their success is
often attributed to the high digestibility and palatability of
amphipods. Interestingly, their marine counterparts, typically
richer in #n-3 LC-PUFA and therefore better suited to fulfil the
dietary requirements of marine species, have remained
undervalued. This contrast highlights an untapped opportunity to
explore the full potential of marine gammarids, not only as
aquafeed ingredients, but also for specialised feed markets that
pay premium values.
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FIGURE 1

Breeding pair of Gammarus locusta feeding on pea (a) and breeding pair of Marinogammarus marinus (male specimens on top of females) (b); G.
locusta feeding on carrot (c); Ovigerous G. locusta incubating embryos in ventral abdominal pouch (marsupium) (d); G. locusta embryos (e); and
neonate G. locusta immediately able to feed independently on the same feed supplied to adult conspecifics (f).

4 Production traits and circular
applications for aquaculture

One of the main advantages of incorporating marine
gammarids into the aquafeed raw material basket is their
alignment with circular bioeconomy principles. As detritivore
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crustaceans capable of performing trophic upgrade, they convert
organic matter, including fish faeces, uneaten aquafeeds, plant by-
products, and macroalgal detritus, into biomass enriched in n-3 LC-
PUFA (Figures la, c) (Alberts-Hubatsch et al., 2019; Ribes-Navarro
et al., 2022). This capacity has been reported across substrates,
including plant materials, such as lupine meal, carrot leaves (Ribes-
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TABLE 1 Approximate lipid (%) and EPA and DHA (% total fatty acids) contents in selected marine gammarid species.

Species Lipid EPA DHA References
. o 7- (Jiménez-Prada et al., 2021; Castilla-Gavilan et al.,
Gammarus insensibilis ~6-13% 4-10%
18% 2025)
5- (Baeza-Rojano et al,, 2014; Alberts-Hubatsch et al.,
Gammarus locusta ~7% 6-8%
16% 2019)

Gammarus aequicauda .
lipids

Phospholipids: ~49% of total lipids; Triacylglycerols: ~45% of total

7.5% 2.5% (Prato and Biandolino, 2009)

Marinogammarus
. ~9.6%
marinus

5- 5_9% (Baeza-Rojano et al,, 2014; Alberts-Hubatsch et al.,
20% 7] 2019)

Data presented are limited to marine or coastal gammarid species for which published biochemical profiles relevant to aquafeed formulations are available.

Navarro et al,, 2022), and marine detritus (Jiménez-Prada et al,,
2021; Castilla-Gavilan et al., 2023, 2025). Under controlled
conditions, G. insensibilis was able to remove approximately 155-
170 mg DW detritus g ' day™ with survival above 80%, highlighting
its efficiency as an extractive species and its potential contribution to
nutrient recovery within aquaculture systems (Castilla-Gavilan
et al., 2023).

From a production viewpoint, integrated multi-trophic
aquaculture (IMTA) currently appears the most feasible and
potentially cost-effective pathway for large-scale cultivation.
Amphipods naturally colonise aquaculture structures at high
densities and can be harvested using simple, inexpensive
collectors, achieving biomass purities exceeding 86% and
estimated yields of up to ~1 tonne per year in standard cage
farms (Fernandez-Gonzalez et al., 2018). IMTA systems also
benefit from existing hydrodynamics, waste streams, and
substrates, enabling passive, low-maintenance production.

There is also increasing interest in integrated biofloc technology
(BFT) systems, which combines microbial productivity with nutrient
recycling (Castilla-Gavilan et al,, 2025). In these systems, residues
from one species stimulate biofloc formation, which can then support
secondary organisms. Although still emerging, a recent study
reported that marine gammarids, more specifically G. insensibilis,
can be incorporated into integrated BFT settings, utilising RAS
effluents as a nutrient source and contributing to enhanced LC-
PUFA profiles in bioflocs (Castilla-Gavilan et al., 2025). This adds to
a growing body of evidence suggesting that low trophic level species
could enhance the functionality of BFT systems by improving waste
valorisation and contributing an additional high-quality biomass that
meets the nutritional requirements of aquaculture species, such as
salmonids, marine crustaceans, gilthead sea bream, and turbot.
Nonetheless, integrated BFT systems remain in the early stages of
development for amphipods, with only two studies using these
organisms to date (Promthale et al., 2021; Castilla-Gavilan et al.,
2025). Compared to IMTA, BFT systems require greater
technological input, including continuous aeration, management of
the carbon-to-nitrogen ratio, and a tighter water-quality control,
which can increase operational costs and biosecurity demands.
Survival and performance of amphipods in BFT systems appear to
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depend on the quality and origin of detrital inputs, and long-term
production efficiency, reproductive rates, and harvesting strategies
remain largely unquantified. Nonetheless, BFT should be regarded as
a promising complementary system for producing marine
gammarids that certainly deserve further investigation.

A balanced assessment of feasibility must also consider the
challenges associated with scaling-up gammarids production. High-
density cultures may increase susceptibility to disease, ammonium
accumulation can depress feeding activity, and harvesting efficiency
will certainly vary between systems and environmental contexts
(Castilla-Gavilan et al., 2023). Seasonal fluctuations in natural
amphipod recruitment and labour associated with collector
handling can further influence productivity in IMTA systems.
Moreover, published information on the economic costs of
marine gammarids production is extremely limited, and to our
best knowledge, no comprehensive techno-economic analyses are
currently available. Thus, the present evaluations of feasibility and
cost-effectiveness are theoretical and based primarily on biological
performance and system-level synergies, rather than detailed
financial modelling.

Additionally, from a biological and operational perspective,
marine gammarids present favourable traits that support
aquaculture feasibility: tolerance to a wide salinity range (Vargas-
Abtndez et al., 2021), reproduction via direct development,
avoiding free-swimming larval stages, and low incidence of
cannibalism, facilitating single-tank production and reducing
operational complexity and costs. Females brood embryos within
a specialised ventral abdominal pouch, the marsupium (Figures 1d,
e), from which fully formed juveniles “hatch”. These juveniles are
immediately capable of feeding on the same diets supplied to adults,
which simplifies culture protocols and reduces the need for a
specialised larviculture infrastructure (Figure 1f).

In addition, in contrast to plant crops or terrestrial insect
production systems (Smetana et al., 2023), marine gammarid
production does not require freshwater or arable land, and they
can be reared in three-dimensional aquatic systems. This allows for
increased production yields without expanding spatial footprint,
enhancing their potential as a sustainable aquafeed source
(Harlioglu and Farhadi, 2018).
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Taken together, these traits suggest that marine gammarids not
only represent a nutritionally valuable source of n-3 LC-PUFA but
also offer operational advantages for circular, resource-efficient
aquaculture production.

5 From potential to application

Despite their innovative potential, the transition of marine
gammarids from experimental candidates to viable commercial
sources of n-3 LC-PUFA requires coordinated optimisation rather
than further exploratory studies alone.

First, scalable production systems must be developed through
the standardisation of robust and cost-effective rearing protocols.
Although biomass yields may not yet match those of other emerging
n-3 LC-PUFA sources, their compatibility with co-cultured and
multi-trophic systems provides distinct operational advantages.
Successful intensification will depend on systems that maintain
water quality, minimise pathogen risks, and integrate efficiently
within IMTA or BFT frameworks. While freeze-drying and milling
technologies are already used for ornamental amphipod biomass,
commercial-scale production for aquafeeds will require further
optimisation to achieve economic viability, supported by pilot-
scale trials and techno-economic assessments.

Second, feeding strategies should prioritise locally available
agricultural and marine side streams. Although EPA- and DHA-
rich biomass can be produced from plant-based substrates, further
research is needed to quantify trophic-upgrading efficiency across
species, measure variability under different feedstocks, and evaluate
regulatory or consumer-related risks. These insights are
fundamental for establishing long-term production reliability.

Third, additional nutritional trials are required to evaluate the
efficacy of gammarid-derived ingredients in diets for key
aquaculture species. Studies should examine growth performance,
feed conversion, fillet quality, health indicators, and consumer
acceptance across realistic inclusion levels. Benchmarking
gammarids against other emerging n-3 LC-PUFA sources, such as
microalgae, krill, or insect meals, will help position their role within
diversified feed portfolios.

Taken together, these steps highlight the need for targeted
research and development to bridge current knowledge gaps.
While preliminary evidence indicates strong potential for marine
gammarids as a complementary aquafeed ingredient, their practical
implementation will depend on parallel progress in nutritional
validation, operational performance, and cost-effectiveness.

6 Concluding remarks

The biological traits of marine gammarids, including their
broad salinity tolerance, direct development, and naturally low
cannibalism, support their suitability for controlled culture
systems. Their favourable biochemical composition, including
consistently high levels of EPA and DHA and their capacity to

Frontiers in Marine Science

10.3389/fmars.2025.1697384

maintain these fatty acids when reared on low-value substrates,
highlights their promise as a sustainable feed ingredient. Their
ability to recycle nutrients and integrate into IMTA or BFT systems
further aligns with circular-economy objectives and strengthens
their potential contribution to environmentally efficient
aquaculture production.

Nevertheless, several gaps must be addressed. Rearing
protocols, scalable production systems, and cost-efficient feeding
strategies require further optimisation, and nutritional trials across
major aquaculture species remain limited. Regulatory and safety
considerations, particularly regarding the use of side streams, must
also be clarified to support broader adoption.

Addressing these research needs will determine whether marine
gammarids can transition from experimental organisms to practical
aquafeed ingredients. While unlikely to fully resolve the n-3 LC-
PUFA supply challenge, they may represent a valuable
complementary ingredient within future aquafeed formulations,
supporting a more diversified, resilient, and sustainable
feed industry.
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