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Preface

The COVID-19 pandemic posed significant challenges to scientific research, forcing research

institutes to respond rapidly to an urgent global humanitarian crisis. Just as the pandemic began

to ease, conflict in Europe emerged, further exacerbating concerns about future uncertainties. This

unpredictable situation triggered a global energy and food crisis, highlighting the critical need for

increased investment in food systems to ensure secure, affordable, healthy, and nutritious food for a

growing population. Aquatic products have gained recognition as key components of these systems,

with production in 2020 exceeding 60 percent above the average from the 1990s, largely driven by the

expansion of aquaculture.

Despite notable progress in marine aquaculture, researchers still face significant challenges, such

as species diversification, improving animal growth efficiency, mitigating climate change impacts,

developing alternatives to fishmeal and oil, safeguarding natural resources, and minimizing the

industry’s environmental footprint. To meet the rising global demand for aquatic foods, marine

aquaculture research remains crucial and must adopt an integrated approach to further advance and

strengthen the sector.

Ana Catarina Matias and Carlos Andrade

Guest Editors

ix





Received: 5 October 2024

Accepted: 18 January 2025

Published: 10 February 2025

Citation: Matias, A.C.; Andrade, C.

New Challenges in Marine Aquaculture

Research. J. Mar. Sci. Eng. 2025, 13,

324. https://doi.org/10.3390/

jmse13020324

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Editorial

New Challenges in Marine Aquaculture Research

Ana Catarina Matias 1,* and Carlos Andrade 2,*

1 EPPO—Aquaculture Research Station, IPMA—Institute of the Sea and Atmosphere,
Av. do Parque Natural da Ria Formosa s/n, 8700-194 Olhão, Portugal

2 MARE—Marine and Environmental Sciences Centre/ARNET—Aquatic Research Network,
Agência Regional para o Desenvolvimento da Investigação Tecnologia e Inovação (ARDITI),
Caminho da Penteada Edif Madeira Tecnopolo, 9020-105 Funchal, Portugal

* Correspondence: ana.matias@ipma.pt (A.C.M.); carlos.a.andrade@madeira.gov.pt (C.A.)

Marine aquaculture has witnessed remarkable growth in recent decades, contributing
significantly to global food security and economic development. As the world population
continues to expand and dietary preferences shift towards healthier, protein-rich options,
the demand for seafood, particularly from aquaculture, is expected to rise significantly [1,2].
However, the sector faces numerous hurdles to ensure its continued success and sustainabil-
ity. One of the most pressing challenges is the increasing pressure on natural ecosystems.
The expansion of aquaculture operations can lead to environmental impacts such as water
quality and habitat degradation, and competition with wild fish populations [3]. Moreover,
the industry partly relies on wild-caught fish for feed ingredients [4]. Climate change
poses another significant threat to marine aquaculture. Rising sea temperatures, ocean
acidification, and changes in ocean currents can have detrimental effects on aquaculture
species, leading to diseases, increased mortality rates, reduced growth, and altered repro-
ductive cycles [5,6]. In addition, the marine aquaculture industry also faces economic and
social pressures. Market fluctuations and regulatory hurdles can significantly impact the
profitability and sustainability of operations, whereas ensuring fair labor practices and the
well-being of workers in the aquaculture sector remains a critical challenge [7]. To address
these complex challenges and ensure the long-term sustainability of marine aquaculture,
innovative and collaborative research and development are essential. This Special Issue of
the Journal of Marine Science and Engineering presents a comprehensive collection of research
papers spanning a wide range of topics. It includes studies focused on environmental,
ecological, and sustainability aspects (contributions 1 to 5) as well as innovative approaches
to feed and growth performance optimization (contributions 6 to 13). It addresses critical
challenges such as species diversification, animal growth efficiency, and the impact of cli-
mate change, while also focusing on alternative feed sources, natural resource conservation,
and minimizing environmental impacts. This Special Issue offers valuable insights and
solutions for promoting a more sustainable and productive future in the field. The research
topics and key findings featured in this Special Issue include the following.

Hengjie et al. (Contribution 1) presented a systematic review examining the effects of
ocean acidification (OA) on seaweed aquaculture, analyzing studies from 2001 to 2022. The
review explored how seaweeds acclimate to increasing CO2, focusing on the effects of OA
on photosynthesis and nutrient uptake, while identifying knowledge gaps in mitigation
strategies. The findings revealed that while certain seaweed species may experience
enhanced productivity, others could suffer reduced growth and economic losses if critical
biological systems are compromised. The review highlighted the need for future research
to focus on actionable mitigation strategies and to assess the economic impacts of OA on
seaweed farming.

J. Mar. Sci. Eng. 2025, 13, 324 https://doi.org/10.3390/jmse13020324
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Deen et al. (Contribution 2) investigated the effects of coastal shellfish aquaculture on
benthic–pelagic systems in Onagawa Bay, Japan, through monthly field surveys conducted
in 2023. The study demonstrated that shellfish farms significantly influence both the water
column and the seafloor by consuming phytoplankton and depositing organic matter as
biodeposits, which alter sediment characteristics and the local benthic community. The
surveys revealed that polychaetes dominated the benthic macrofauna (86.3%). Additionally,
biomass and biodiversity were higher near the aquaculture sites, while chlorophyll-a
concentrations and sediment organic matter were lower. However, the combination of
global-warming-induced water column stratification and excess organic input may result
in hypoxic conditions, presenting new challenges for the sustainability of aquaculture.

Slobodskova et al. (Contribution 3) addressed the increasing mass mortality of cultured
seaside scallops (Mizuhopecten yessoensis) in the Sea of Japan, proposing a rapid diagnostic
method utilizing DNA damage and oxidative stress markers for the early detection of health
threats. The study revealed a correlation between elevated DNA damage, malondialdehyde
accumulation in tissues, and the mortality of older scallops. This predictive approach offers
aquaculture farms a valuable tool for mitigating losses and improving scallop farming
management practices.

Lee et al. (Contribution 4) explored the potential of utilizing offshore wind farms
(OWFs) for scallop aquaculture, focusing on the growth of Zhikong scallops (Chlamys farreri)
and bay scallops (Argopecten irradians) in South Korea. The results indicated that scallop
growth, in terms of shell size and weight, was significantly lower at OWFs compared to
traditional farming sites, though consistent growth patterns were observed. Additionally,
species-specific differences in mortality rates were noted, with temperature identified as a
key factor affecting scallop growth. This study offers valuable insights into the feasibility of
farming marine bivalves, such as scallops, in underutilized OWF areas, providing guidance
for future aquaculture practices in these environments.

Castilla-Gavilán et al. (Contribution 5) examined the carbon footprint of various
land-based marine aquaculture systems, focusing on strategies to reduce emissions and
enhance sustainability. Key approaches include polyculture, the use of low-trophic-level
species, and improvements in waste and energy management. Systems such as Recirculat-
ing Aquaculture Systems (RASs), Biofloc Technology (BFT), and Integrated Multi-Trophic
Aquaculture (IMTA) were identified as offering significant environmental benefits, with
IMTA considered the most eco-friendly option, though its carbon footprint remains chal-
lenging to quantify. The study emphasized the need for further research to optimize these
methods and improve their sustainability.

Basto et al. (Contribution 6) explored the effects of replacing fishmeal (FM) with
defatted Tenebrio molitor larvae meal (dTM) on the stress response of European sea bass.
Three diets were tested: a control diet with FM, and two others where 50% and 100% of FM
was replaced by dTM. After a 16-week feeding period, the fish were exposed to an acute
stressor (1 min air exposure). The study found that seabass exhibited a clear stress response,
shown by increased hemoglobin, hematocrit, and various plasma metabolites, regardless of
diet. While partial FM substitution did not affect stress responses, full FM replacement led
to higher liver antioxidant enzyme activity, particularly in total peroxidase and superoxide
dismutase. Despite this increase in antioxidant activity, insect meal remains a promising
sustainable alternative in aquafeeds.

Claessens et al. (Contribution 7) evaluated the use of mussel meal (Perna perna)
as a feed additive for whiteleg shrimp (Litopenaeus vannamei) to improve growth and
cold resistance. Five diets, containing varying levels of mussel meal inclusion (0–4%),
were tested over an 8-week period. Shrimp fed diets with 1–2% mussel meal exhibited
significantly better growth performance and a lower feed conversion ratio compared to

2
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other groups, while no differences in cold resistance were noted. The optimal inclusion level
for enhancing growth was identified as 1.73–2.00% based on quadratic regression models.

Vale Pereira et al. (Contribution 8) compared alternative feed formulations for rainbow
trout, demonstrating improved growth performance and higher consumer acceptance for
diets without processed animal proteins. Long-term predictions suggest that some of these
alternative diets could also be economically viable for trout farming, offering a sustainable
option for the industry.

Rajendran et al. (Contribution 9) explored the anti-inflammatory properties of the
acetone extract from the lichen Parmotrema austrosinense using a zebrafish model. The study
demonstrated that P. austrosinense possesses significant anti-inflammatory potential, making it
one of the most comprehensive in vivo analyses using zebrafish for modeling inflammation.

Soares et al. (Contribution 10) developed FEEDNETICS, a nutrient-based model
designed to aid fish farming decisions by simulating individual fish growth and scaling
the results to population levels. The model was validated across key aquaculture species,
including gilthead seabream, European seabass, Atlantic salmon, rainbow trout, and Nile
tilapia. FEEDNETICS helps optimize aquaculture by converting data into actionable
insights, supporting experimental design, and assessing the nutritional and environmental
impacts on fish farming systems.

Hotos et al. (Contribution 11) assessed the salinity tolerance of two copepod species,
Tigriopus sp. and Tisbe holothuriae, from the Messolonghi Lagoon in Greece. Both
species demonstrated strong resilience across a wide salinity range. Tetraselmis suecica
was identified as the most effective feed for Tigriopus nauplii, while Rhodomonas salina
and Dunaliella salina were optimal for T. holothuriae. However, high salinity levels neg-
atively impacted reproduction. These copepods show significant potential for use in
ecological research and as live feed in marine hatcheries.

Luís et al. (Contribution 12) investigated the effects of different microalgal diets and
dietary proportions on the larval development, growth, and survival of the sea urchin
Sphaerechinus granularis at the premetamorphosis stage. Three diets were tested: Dunaliella
tertiolecta, Rhodomonas marina, and a combination of both, with varying cell densities (low,
medium, and high dietary proportions). The results showed that lower cell densities
and a combined microalgae diet positively influenced larval survival. This approach is
expected to enhance larval production and provide valuable insights for future research in
sea urchin aquaculture.

Matias et al. (Contribution 13) evaluated the impact of long-term day/night temper-
ature oscillations on gilthead seabream (Sparus aurata) juveniles. Fish were exposed to
two thermal regimes: a constant temperature of approximately 19 ◦C and a daily tempera-
ture cycle oscillating between 19 ◦C and 13 ◦C for a 67-day period. The results showed that
temperature fluctuations negatively impacted fish growth efficiency, reduced fatty acid
levels in tissues, and altered blood parameters. In contrast, maintaining a constant temper-
ature of ~19 ◦C optimized both fish growth and health. Therefore, a constant temperature
is recommended for gilthead seabream production, although the choice of heating energy
source should align with operational conditions and business strategy.

This Special Issue showcases groundbreaking research that sheds light on the pressing
challenges confronting marine aquaculture and highlights the innovative solutions being
developed to address them. By focusing on species diversification, improving production
efficiency, mitigating climate change impacts, exploring alternative feed sources, and adopting
sustainable practices, the marine aquaculture industry can continue to grow and thrive while
minimizing its environmental footprint. These topics remain critical areas for future research,
which is the focus of New Challenges in Marine Aquaculture Research—2nd Edition.
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Abstract: This systematic review aimed to synthesise the existing studies regarding the effects
of ocean acidification (OA) on seaweed aquaculture. Ocean acidification scenarios may increase
the productivity of aquacultured seaweeds, but this depends on species-specific tolerance ranges.
Conversely, seaweed productivity may be reduced, with ensuing economic losses. We specifically
addressed questions on: how aquacultured seaweeds acclimatise with an increase in oceanic CO2;
the effects of OA on photosynthetic rates and nutrient uptake; and the knowledge gaps in mitigation
measures for seaweed farming in OA environments. Articles were searched by using Google Scholar,
followed by Scopus and Web of Science databases, limiting the publications from 2001 to 2022.
Our review revealed that, among all the OA-related studies on macroalgae, only a relatively small
proportion (n < 85) have examined the physiological responses of aquacultured seaweeds. However,
it is generally agreed that these seaweeds cannot acclimatise when critical biological systems are
compromised. The existing knowledge gaps regarding mitigation approaches are unbalanced and
have overly focused on monitoring and cultivation methods. Future work should emphasise effective
and implementable actions against OA while linking the physiological changes of aquacultured
seaweeds with production costs and profits.

Keywords: acclimatisation; macroalgae; physiological response; productivity

1. Introduction

The global seaweed aquaculture industry has contributed to the production of various
downstream and upstream products such as food, biopolymers, cosmetics, nutraceuticals,
bioenergy compounds, and pharmaceuticals [1]. The production of seaweed-based biofuel
as an alternative to fossil fuel [2] has managed to reduce up to 1500 tons CO2 km−2 year−1

when compared to emissions from fossil fuels [3]. Among its other functions, the open
ocean aquaculture of seaweeds provides shoreline protection from storms and waves [3,4].
Seaweed production can also help to reduce ocean eutrophication by absorbing nutri-
ents required for seaweed growth [5]. With a wide distribution of biomass at the global
level, Seaweed Aquaculture Beds (SABs) have the potential to at least act as a temporary
carbon sink to mitigate the immediate effects of climate change [6]. This is due to the
seaweed’s capacity for carbon assimilation and accumulation, and CO2 sequestration in a
relatively short period [4,7]. On the other hand, there is evidence indicating that certain
naturally growing seaweeds have the capacity for carbon sequestration and accumulation,
which can be exported and buried in deep sea regions [8,9]. However, with the elevation
in atmospheric CO2, ocean acidification (OA), as one of the impacts of climate change,
will negatively affect entire marine systems. Although this is a globally pressing matter,
the discourse on the potential ecological or economic impacts of seaweed production is
still limited.
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Seaweeds are used in many different industries after they are harvested. As such,
seaweed cultivation has grown from constituting 45.9% of global mariculture production
in 2004 to 51.3% in 2018. In terms of monetary value, this represents 24.2% of the associated
worldwide profits, worth US$ 28.1 billion [10,11]. The combined production output of
China, Indonesia, Japan, the Republic of Korea, the Philippines, and Malaysia contributed
up to 99.5% of global seaweed mariculture production in 2018 [11–13]. This region led the
world’s seaweed production, with an estimated at 32.4 million tonnes in 2018, compared to
a threefold lower production in 2000 (10.5 million tonnes; [14]). Global seaweed cultivation
then increased to 35.1 million tonnes in 2020 for food and non-food uses [15]. The highest
output in terms of seaweeds by quantity farmed within temperate and tropical regions are:
Eucheuma (also known as gusô, 10.2 million tons in 2015), Japanese kelp (8 million tons),
Gracilaria (sare, 3.9 million tons), Undaria (wakame, 2.3 million tons), Kappaphycus (elkhorn
sea moss, 1.8 million tons), and Porphyra (nori, 1.2 million tons) [1,12,16]. From the tem-
perate region, seaweed production in Norway reached a sales value of EUR 74,000 in 2017,
while studies have predicted that annual sales will rise further to EUR 4 billion by 2050 [17].

Up to 95.6% of all seaweed used by humans is aquacultured to ensure sustainability
in terms of supply and to prevent the overexploitation of the natural population [10]. The
remainder is harvested from naturally growing beds. Brown seaweeds, which comprise
nearly 64% of the farmed production, are harvested for a variety of uses, including human
nutrition and alginate extraction. They are used in various sectors including the medical
industry, textile printing, and paper coating [1,6,18,19]. Other seaweeds such as Chondrus
crispus (Irish moss), Kappaphycus, and Eucheuma are used as gelling material, emulsifiers,
and stabilisers in the pharmaceutical, cosmetic, and food processing industries [1,13,18].

Environmental and biotic stressors can negatively affect the growth and productivity
of macroalgae including aquacultured seaweeds [20]. The sources of these stressors vary
from marine pollution [21,22], disease outbreaks [23–25], epiphytic infestation, algal para-
sites [25], periodic storms [26], and global warming [23]. Rising sea-levels due to global
warming may cause shifts in shoreline morphology, with the subsequent effect of lowered
productivity output through changes in seaweed distributional patterns [20]. Such changes
may have more pronounced effects on naturally growing seaweed beds that would be
harvested for seaweed industries rather than those in floating cultures [20]. The impact of
sea-level changes on floating cultures might not be obvious but changes in pH can still be
considered one of the factors which affect their physiological responses [27] (Table 1).

Knowledge on seaweed physiology, especially concerning how environmental stres-
sors affect the productivity of aquacultured seaweed, is clearly essential to ensure the
success of seaweed farming [1]. Ocean acidification (OA) is an inherent stress factor for
optimal seaweed growth. Ocean acidification, or a reduction in seawater pH, stems from
atmospheric CO2 dissolving in seawater, eventually acidifying the water via the produc-
tion of carbonic acid (H2CO3). This then dissociates into bicarbonate ions (HCO3−) and
protons (H+) [28]. The seawater chemistry is altered when hydrogen ions [H+] increase
and the concentration of carbonate ions (CaCO3) are reduced. This eventually causes a
decrease in oceanic pH and leads to OA conditions [29,30]. According to the Representative
Concentration Pathway (RCP) 6.0, atmospheric CO2 emission will rise to 700 ppm by the
year 2100. Ocean pH is expected to decline by 0.3–0.5 units towards the end of the century,
with an estimated corresponding increase of 100–150% in [H+] [28,31–33]. Thus, carbonate
saturation states are predicted to decline by approximately 45% by 2100 [34–37].

Studies indicate that the metabolic rates and population growths of marine organisms
can endure increases in oceanic CO2 up to their physiological threshold limits because
of their ability to acclimatise within an optimum range of pH values [38,39]. However, a
failure to acclimatise would put those species at risk of mortality [38,40]. In this regard,
although studies regarding the impacts of OA to marine fauna or fisheries aquaculture
have been conducted [38,41,42], knowledge gaps remain surrounding the impacts of OA
on seaweed aquaculture. While these limits are more discernible for calcifying macroalgae,
the tolerance of fleshy macroalgae to OA is still unclear, i.e., whether such environmental
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changes will positively or negatively affect their productivity [43,44]. The physiological
responses of non-calcifying seaweed towards OA are species-specific and inconsistent at
different developmental stages [45], mostly due to different carbon-uptake strategies [43,46].
Furthermore, the interactive effects of OA and other environmental variables such as
temperature complicates any definitive prediction with regard to the exact impacts of OA
effects on fleshy seaweed [45].

In this review, we discuss how the increase in dissolved CO2 with pH variation will
affect the physiological responses of aquacultured seaweeds. In particular, we focused on
directions towards answering the following questions: (1) How do aquacultured seaweeds
acclimatise to an increase in oceanic CO2? (2) What are the effects of OA on the photo-
synthetic rates and nutrient uptakes of aquacultured seaweeds? And: (3) What are the
knowledge gaps in the mitigation strategies for future seaweed aquaculture considering an
ocean-acidified environment?

2. Materials and Methods

This review follows the guidelines provided by Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) and the methodology is presented in a PRISMA
flow scheme (Figure 1) [47].

Figure 1. Flow diagram of the systematic review.

2.1. Resource Identification

We broadly approached the review of the literature based on the methodology sug-
gested by Snyder (2019) [48]. We first defined the main purpose and research question
using the following scopes: (1) the specific seaweed species aquacultured in (2) scenarios
of OA conditions. A stepwise search strategy was started by limiting specific keywords,
which were selected based on the two scopes. We trawled Google Scholar, Scopus, and
Web of Science as the main literature databases. This step would cover peer-reviewed
articles that are accessible through the public domain. The keyword searches in these
databases included terms such as “ocean acidification,” “elevation of dissolved CO2,” “sea-
weed aquaculture,” “seaweed productivity,” “photosynthetic rate”, and “physiological
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response.” To achieve a wide coverage in terms of sources for a comprehensive litera-
ture search, we added the keyword input by choosing related terms such as “seaweed
adaptation”, “seaweed acclimatization”, “climate change”, “global warming”, “macroal-
gae”, and “seaweed industry”. We applied additional techniques for advanced-phrase
searches by combining strings developed and strengthened using Boolean operators (i.e.,
“AND”) in Google Scholar and Scopus. The strings “Ocean acidification” AND “Carbon
dioxide” AND “Seaweed” AND “Aquaculture” AND “Physiological responses” returned
702 articles published between 2001 and 2021 (Figure 1). Similarly, when trawling the Web
of Science database, the combination of search strings in the field tag to obtain topic hits
(TS) were: (TS = (Ocean acidification)) AND (TS = (Seaweed)) AND (TS = (Physiological
Response)). This search returned 382 results for papers published between 2012 and 2021.
The timeframe is consistent with the methodology for scoping systematic reviews [48], and
specifically for this study, and was stipulated to ensure that no species were overlooked.
Furthermore, the emphasis on this timeframe for article selection was to minimise the
duplication of subject species and to ensure that the published information provided was
up to date. To avoid the duplication of articles in the literature search, all articles obtained
were imported into a reference manager (Mendeley), as suggested by Li et al. [49].

2.2. Scoping and Screening

Keeping in mind the main scope of the research question (i.e., surrounding aqua-
cultured seaweeds and OA), the search hits were first screened based on the titles and
abstracts of the papers to determine their suitability and relevance. During the article
trawling, a limited number of non-peer reviewed technical papers and database reports
were included in the screening, but only if these articles were highly cited (>100 times),
such as those reporting on the economic and management aspects of seaweed aquacul-
ture [22], as well as selected Food and Agriculture Organization (FAO) [12,21,50,51] and
Intergovernmental Panel on Climate Change reports [36,37,50,52]. Studies of seaweed
species in aquaculture, farmed in both tropical and temperate regions, were shortlisted.
Their relevance was further refined to consolidate the literature that directly related to the
environmental variables of OA. To ensure a sufficiency of sources obtained for this review,
we did not limit our literature search based on studies about the physiological effects of
aquacultured seaweeds due to environmental stressors such as global warming and climate
change. Rather, we also focused on search results related to the potential of aquacultured
seaweeds as a natural mitigation tool for OA. This is in addition to other articles that
highlighted any economic valuation—positive or negative—related to OA on the seaweed
aquaculture industry. As a result, we made certain that our collection included narratives
of the relationship between dissolved CO2 elevation and aquacultured seaweed species,
based primarily on their physiological responses (Table 1), followed by any subsequent
impacts on industry-level aquaculture production. Any studies of aquacultured seaweed
species that dealt with biological, ecological, and biogeochemical aspects that were not
directly related to OA were excluded during the screening. Articles in languages other than
English were also excluded (Figure 1).

2.3. Article Analysis

To provide a more insightful perspective to address question (3), a further analysis
of the identified articles relating to the mitigation of the effects of OA on aquacultured
seaweeds was performed. A first screening was carried out through keyword searches for
terms that allude to mitigation approaches, such as site buffering, site selection, framework,
and monitoring [53,54]. This was carried out to determine the main keywords that would be
analysed, which would then lead to ranking the most discussed mitigation-related strategies
in the literature. We found 131 papers which addressed or discussed mitigation to varying
extents while focusing on mitigation as the main thematic area. The overarching theme
relates to effective global measures involving synergy between policies, regulatory frame-
works, and strategy implementation [14,55,56]. To ensure the results were unbiased [48],
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studies were analysed to determine if the search findings met these specific criteria, in
that: (i) the approaches mentioned had been conducted; (ii) the current state of the strategy
implementation; or (iii) challenges faced or efforts needed to further develop the mitigation
measures. The keywords were searched manually throughout the articles based on occur-
rence frequency in the main text body of the articles. The total number of specific word hits
from each article were recorded accordingly while excluding the same keywords if these ap-
peared in the reference list (see Supplementary Data Table S1). We found a limited number
of research articles with the same keywords (Supplementary Data Table S1). Certain key-
words appeared less frequently in research articles compared to technical reports, although
a similar phrasal context was applied by the authors of the respective articles (Table 2).
Based on the article analysis and keyword search, 35 articles were identified as being the
most relevant. Up to 10 keywords were finally shortlisted, which were either mentioned as
the exact word/phrase in the article or discussed in a similar context. The specific term of
‘management’ was not considered as a keyword but as a root word since the definition could
be further clarified by using the other identified keywords. These keywords and the context
used was summarised to avoid an overlapping analysis (Table 2). The amount of specific
word hits was summed and converted into percentages representing the proportion of each
keyword that appeared out of the overall search (Supplementary Data Table S1) before
ranking the 10 components (based on the shortlisted keywords) of mitigation approaches.
Lastly, the ranked data was visualised graphically through a radar chart (Figure 2). This
chart aims to list the top findings based on the queried article set. Its use allows for a
focus on assessing the overall inherent issues and potential mitigation strategies for OA
impacts on seaweed aquaculture. The visual presentation and holistic approach of the
radar chart summarises the results and highlights the knowledge gaps that would require
further studies.

Figure 2. Radar chart that illustrates the existing knowledge gaps in relation to the main thematic
areas for mitigating the effects of OA on seaweed aquaculture.

After the compilation was performed, we then identified, analysed, and interpreted
any presence of consistent trends in the texts of the shortlisted literature to highlight the
most relevant subtopics for further discussion [48]. We discussed these subtopics based
on the headings of the following sections (see below). These sections are consistent with
the themes of seaweed physiology, environmental stressors, seaweed cultivation, and
aquaculture management, based on expert opinions and interpretations in the studies in
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question, in the context of evaluating the prospects of seaweed production in OA scenarios.
The synthesis of studies published in the past 32 years that linked aquacultured seaweeds
with OA conditions was then conceptualised (Figure 3) and tabulated (Table 1).

Figure 3. A conceptual diagram, which consists of various aquaculture aspects aimed at sustaining
the productivity of aquacultured seaweeds under OA scenarios.

Table 1. The impact of OA on seaweed species in temperate and tropical regions. The CCMs of types
1 to 3 are described in Section 3.

Region Species CCM Type Variable Main Findings References

Temperate Alaria esculenta 3 Photosynthetic activity,
biochemical
composition (lipid
content), enzymatic
activities (eCA)

Increase in growth, lipid content, and
photosynthetic efficiency (Fv/Fm) under
elevated CO2, with lower photon requirements;
enzymes are not sensitive to changes in CO2.

[57–60]

Saccharina
japonica

1, 2, 3 Iodine accumulation,
photosynthetic
efficiency,
photosynthetic oxygen,
germination

Tissue growth enhanced under lower pH with
a simultaneous increase in iodine accumulation;
inhibition of photosynthetic rate is relatively
higher under lower pH, and the photosynthetic
efficiency (Fv/Fm) is not much affected;
reduction in meiospore germination and
reproduction rate.

[10,51,61–66]

Saccharina
latissima

2 and 3 Photosynthetic
acclimation, pigment
composition

Photosynthesis and growth rates are negatively
affected; CCMs are deactivated; optimal
temperature for growth is 5–15 ◦C; no effects on
biochemical composition.

[17,34,57,67–70]

Undaria
pinnatifida

2 and 3 Gametophyte
development

No significant impact on meiospore
germination but increase in germling growth
rates and gametophyte sizes when seawater pH
is reduced from 8.40 to 7.20; rates of net
photosynthesis (NPS) of gametophytes and
juvenile sporophytes start to decrease when pH
drops from 7.20 to 5.5.

[1,10,12,65,71–73]

Pyropia sp. 1 and 2 Photosynthetic rate,
growth rate

Increase in growth and nutrient uptake; growth
of thalli enhanced by 30% at pH of 6 and 7;
photosynthetic rate increases when pH drops
from 7 to 6, but photosynthesis and respiration
rate decrease at pH of 4 and 5; tissue death
when low pH conditions are prolonged.

[1,4,74–80]

11



J. Mar. Sci. Eng. 2023, 11, 78

Table 1. Cont.

Region Species CCM Type Variable Main Findings References

Gracilaria sp. 2 and 3 Growth rate,
photosynthesis,
photosynthetic
inorganic carbon
uptake, iodine
accumulation

Growth rate increases through carbon uptake;
enhanced carbon/nitrogen ration;
photosynthetic pigments remain unchanged;
increase in photosynthetic acclimation; increase
in iodine accumulation under elevated
dissolved CO2.

[1,4,12,16,61,81–85]

Chondrus crispus 2 and 3 Photosynthetic rate Able to acclimatise when oceanic pH decreases,
and photosynthetic rate is maintained; carbon
fixation rate is highest at pH of 7.

[1,18,29,86–88]

Sargassum
fusiforme

1, 2, 3 Growth rate, nitrogen
assimilation,
photorespiration

Photosynthetic rate is maintained under
increase in CO2 since the species is able to
tolerate pH declines with enhanced relative
growths; biomass increase was associated with
nitrogen assimilation within tissues.

[12,27,39,89,90]

Macrocystis
pyrifera

1, 2, 3 Germination rate,
gametophyte
development, iodine
accumulation, growth
rate, photosynthetic rate

Meiospore germination, gametophyte
development, and spore production and
recruitment negatively affected in acidified
conditions; iodine accumulation slightly
increases, and tissue growth exhibited under
elevated pCO2; no changes in growth and
photosynthetic rate but increased uptake
of CO2.

[18,61,90–94]

Sargassum vulgare 1, 2, 3 Alginate content,
polysaccharides content,
bioactivity (antibacterial
activity, antifungal
activity), carbohydrate
availability, antioxidant
capacity, enzymatic
activities,
photosynthetic rates

This species is able to acclimatise to low pH
conditions of 6–6.7; secondary metabolites are
lower; bioactive properties grow naturally in
acidified conditions; alginate content higher in
acidified conditions; increase in dissolved CO2
results in increased bioactivity, antioxidant
capacity, enzyme activity, photosynthetic rate,
and polysaccharide content.

[95–99]

Porphyra sp. 2 and 3 Growth rate Increase in growth. [16,94]

Ulva rigida 2 and 3 Growth rate and
assimilation (carbon
and nitrogen),
HCO3-utilisation,
photosynthetic rate,
dark respiration rate,
soluble protein content,
inactivation of CCMs,
nitrogen metabolism

Increase in growth rate and nutrient
assimilation especially for carbon and nitrogen
under acidified conditions; photosynthetic rate,
dark respiration, and soluble protein reduced
with increased dissolved CO2; photosynthesis
process is negatively affected due to the
inactivation of CCMs.

[99–101]

Fucus vesiculosus 2 and 3 Growth, nutritional
quality, carbon
and nitrogen
content, fertility

Reduction in growth and C:N ratio; no changes
in other elemental compositions; increase in
pCO2 alter temporal development of fertility,
according to the changes in
temperature seasonally.

[45,101–104]

Tropical Gracilaria sp. 2 and 3 Growth rate,
photosynthesis,
gephotosynthetic
inorganic carbon
uptake, iodine
accumulation

Growth rate increases through carbon uptake;
no significant effect on maximum relative
electron transport rates (rETRmax); increase in
iodine accumulation under elevated
dissolved CO2.

[1,4,12,82,105–107]

Undaria
pinnatifida

2 and 3 Photosynthesis,
gametophyte
development, germling
growth rate

No significant impact on meiospore
germination; increase in germling growth rate,
and gametophyte size when seawater pH is
reduced from 8.40 to 7.20; rates of net
photosynthesis of gametophytes and juvenile
sporophytes decrease when pH drops from 7.20
to 5.5.

[12,72,73,108]

Kappaphycus
alvarezii

1 and 3 Daily growth rate
(DGR), photosynthesis

DGR decreases at pH 6 due to the low
availability of photosynthetic carbon sources in
low pH conditions; decrease in efficiency of
CO2 accumulation.

[1,12,13,18,93,109]

Pyropia sp. 1 and 2 Net photosynthesis,
growth rate, respiration

Increased growth and nutrient uptake; growth
of thalli enhanced by 30% at pH of 6 and 7;
photosynthetic rate increases when pH drops
from 7 to 6; photosynthesis and respiration rate
decrease at pH of 4 and 5; thalli death in
prolonged low pH conditions.

[4,74–76,79,80,110–113]

Eucheuma sp. 2 and 3 Photosynthetic rate Increase in photosynthetic rate when oceanic
pH decreases below 8.

[1,18,94]
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Table 1. Cont.

Region Species CCM Type Variable Main Findings References

Caulerpa
lentillifera

3 Carbon absorption rate Increase in growth through carbon uptake. [111,114,115]

Hypnea spp. 3 Growth rate, maximum
quantum yield,
chlorophyll a content,
antioxidant activity

Decrease in growth rate, maximum quantum
yield (fv/fm), and chlorophyll a content;
increase in antioxidant activity.

[116–122]

Gelidium spp. 3 Growth rate,
carbohydrate content

Decrease in growth rate; no significant changes
in carbohydrate content; reduction in
species richness.

[87,123–127]

Table 2. Definition of the terms used in the radar chart, with the selection of words based on the
applied contextual meaning to avoid duplication in occurrence counts and their use being overlooked
during the keyword search.

Keyword Definition in Context References

Policy The related aims to: mitigate CO2 emission to the atmosphere; [8,128]
inform decision-making at local, regional, and national levels in order to integrate into
global goals;

[7,14,16,56,129]

manage areas that are used for seaweed aquaculture.

Framework The provisions for: policy and integrated planning that requires more experimental and
innovative practices at different authoritative levels (local, state, or federal jurisdictions);

[16,56]

legal frameworks, which refer to guidelines in the setting up and management of
seaweed aquaculture;

[8,13,54]

management of fisheries resources and aquaculture governance; conservation and the
sustainable use of aquatic living resources.

[14,56,130]

Regulation The provisions to: adequately manage the resources of coastal aquaculture, including
seaweed cultivation;

[13,128]

coupled with an appropriate monitoring and law enforcement system while banning
unsustainable practices.

[14,16]

Monitoring Efforts to: measure the local environmental and spatial variability in carbonate chemistry
within coastal areas or aquaculture farms;

[50,53,54,131]

track long-term environmental changes through a combination of efforts by various
stakeholders globally;

[17,34,128]

incorporating a Fisheries and Resources Monitoring System (FIRMS) in seaweed aquaculture;
improve transparency in fisheries and aquaculture stock and production records.

[14,56,132]

Evaluation The appraisal of: the application and performance of aquaculture systems that involve several
authorities to ensure ecosystem sustainability;

[4,14,54,131,133]

the interaction with existing resources that are characteristic of coastal areas and suitable for
different types of farming.

[13,17,128]

Assessment The inclusion of: managerial tools for quantifying the risks and benefits associated with
seaweed aquaculture;

[8,54]

diagnosing the current status of stocks in fisheries and aquaculture; [14,34,133]
Environmental Impact Assessment; [25,128]

Site selection Related efforts to: choose optimal sites for aquaculture activities within each environment; [4,53,133–135]
match seaweed species with specific cultivation techniques; [13]
include licensing approvals from authorities. [50]

IMTA A method of aquaculture that: consist of species components from different trophic levels and
serving different ecosystem functions;

[13,53,130,133]

increases the biomass production and sustainability of aquaculture; [17,54,130,132]
mitigates environmental problems caused by specific forms of fed aquaculture [131]

Site buffering Related efforts to: buffer seawater pH and carbonate chemistry; [53]
quantify the ability of seaweeds to buffer the impacts of climate change including OA. [3,8,135]

Selective breeding and
genetic improvement

A method of aquaculture that is used: to cultivate seaweeds for specific traits to enhance
production and resilience under conditions of projected climate change;

[4,13,14,53,54]

to obtain a culture stock that has increased tolerance against the impacts of OA through
strain development.

[34,136]

3. Ocean Acidification and Seaweeds’ Photosynthetic Rates and Nutrient Uptakes

When seaweeds with different photosynthetic capacities are exposed to increasing
oceanic CO2 concentrations, biochemical and molecular changes cause varying carbon up-
take capacities [39]. This has various implications in terms of alterations in the physiological
responses of aquacultured seaweeds (Table 1). Seaweeds that solely obtain CO2 through
diffusive uptake are usually known as non-carbon concentrating mechanism (non-CCM)
species [137]. These species will exhibit increases in growth and photosynthetic rates under

13



J. Mar. Sci. Eng. 2023, 11, 78

elevated CO2, with an eventual increase in species abundance instead of diversity [138].
Despite the availability of more dissolved CO2 as a result of OA, and the supply of CO2 as
the primary C source is no longer limited, it is worth noting that CO2 diffuses into water at
a slower rate than it does in air [27,139]. Most of the fleshy macroalgae in aquaculture are
carbon concentrating mechanism (CCM) species. These seaweeds require an adjustment in
terms of their kinetic mechanisms to utilise inorganic carbon such as bicarbonate ions to
facilitate CO2 delivery to the ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO)
enzyme for carbon fixation [4]. Nonetheless, different CCM species will respond distinc-
tively towards OA in order to acclimatise and survive because not all have the same affinity
towards DIC [46,140].

According to Giordano et al. (2005) [141], there are three types of CCMs: (1) CCMs
based on C4 mechanisms and crassulacean acid metabolism (CAM); (2) CCMs based on
the active transport of DIC; and (3) CCMs based on changes in CO2 concentration in
compartments adjacent to RubisCO, where HCO3− is mostly found in the chloroplast
stroma and is converted to CO2 when it crosses to the thylakoid. Macrocystis pyrifera, for
example, is a type of fleshy macroalgae that uses both CO2 and HCO3− for photosynthesis
and growth [91]. Those species with a high affinity for DIC will either exhibit increases in
their metabolic processes or will not be obviously affected [140]. In this regard, HCO3−
is dehydrated extracellularly by external carbonic anhydrase (CAext), then converted to
CO2 by internal carbonic anhydrase (CAint) to be used by CCM seaweeds, or, alternatively,
it is accumulated within an internal inorganic carbon pool [39,91]. This mechanism has
been described in Chondrus crispus and Sargassum fusiforme [39,86,96] as well as in other
aquacultured seaweeds that use HCO3−, including Alaria esculenta, S. fusiforme, M. pyrifera,
C. crispus, and Saccharina latissima [91,142]. In contrast, CCM seaweeds with a low affinity
for DIC will benefit under elevated CO2 [137,140].

Aquacultured seaweeds would therefore acclimatise to elevated CO2 levels through
various carbon uptake strategies [3,27], which can be determined by the δ13C value of
seaweed tissues. CCM seaweeds typically have δ13C values ranging from −30‰ to −10‰.
This range, however, varies with changes in pCO2 in the marine environment [137], indicat-
ing that species attempt to acclimatise despite the fluctuating pCO2 [34,96]. Species such
as S. fusiforme can tolerate pH drops while maintaining appreciable photosynthetic rates.
Subjected to increasing CO2 levels, this species responds positively based on enhanced rel-
ative growth rates and increased biomass associated with significant nitrogen assimilation
within its tissues [39,89]. Other studies have shown that Kappaphycus alvarezii and Sargassum
vulgare were able to acclimatise in low-pH conditions (pH 6 and pH 6.7, respectively) [74],
while M. pyrifera exhibited no changes in growth and photosynthetic rates under elevated
oceanic CO2 because it has the ability to utilise both CO2 and HCO3− [91]. Other economi-
cally important seaweeds such as Hypnea pseudomusciformis, Porphyra yezoensis, Gracilaria
chilensis, G. changii, and G. lemaneiformis exhibited increased growth rates with an increase
in dissolved CO2 concentrations [4,46,81,106,117,143,144]. Hence, the growth of seaweeds
partly depends on their HCO3− uptake and utilisation capacity [96], and the impact on their
photosynthetic rate is generally species-specific [27]. Certain seaweeds have the potential to
mitigate OA through carbon sequestration [3,135,145] due to their respective physiological
changes under pH variation, thus leading to high biomass production [7], as was clearly
observed for fast-growing fleshy macroalgae (Table 1).

In contrast, other aquacultured seaweeds, notably red seaweeds such as Gracilaria
tenuistipitata, Porphyra leucosticta, and P. linearis, experience decreased growth rates in high
pCO2 concentrations due to a reduction in photosynthetic capacity, invariably leading to
a decline in photosynthetic efficiency [46,82,146–148]. Decreased growth rates are also
possible because CCM seaweeds are sensitive to increased H+ concentrations during OA,
which can disrupt cellular homeostasis [137]. Such effects have been studied in the case of
the changes in M. pyrifera meiospore germination (Table 1) under extreme OA at a mean
pH of 7.60 [92]. However, questions arise as to the precise timeframe during which the
seaweed’s physiology remains unchanged or in a positively balanced state despite the
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increase in pCO2. In a simulated situation of acidified conditions, the photosynthetic rate
of P. linearis increased but only lasted for approximately 16 h [147]. The low-pH level in an
experimental environment resulted in elevated respiration rates and the consumption of
accumulated photosynthate, eventually causing a decline in growth rates, especially at a
pH of 6.0 [147]. A similar situation was reported for Porphyra haitanensis, whereby its thallus
growth increased significantly by 30% when the pH decreased by 1–2 units. Lowering
pH levels further results in a significant drop in growth rates until the eventual death of
its thalli [74]. Additionally, low-pH growth conditions can severely impact alginate and
carrageenan production [149,150]. These observations imply that elevations in dissolved
CO2 levels can potentially reduce seaweed productivity.

Not all seaweeds undergo the same consequence in terms of changes in growth rate.
This is because the rate of nutrient uptake influences the growth rate of seaweeds under
elevated CO2 conditions. An increase in pCO2 increased Ulva rigida’s nitrogen assimilation
rate, which in turn increased its growth rate [82,100,151]. Sargassum fusiforme has been
shown to have higher NO3− uptake rates when exposed to elevated CO2 levels [39,152]. In
similar experimental conditions, there were no changes in the uptake of inorganic nitrogen
by M. pyrifera despite an increase in CO2 [152]. Other factors that influence the growth
rate of seaweeds under elevated CO2 include limitations in nutrient availability in the
water column due to the frequent increase in species biomass locally or the stratification
that is induced by ocean warming [153]. This occurs through the alteration of ocean
carbonate chemistry, which is mainly attributed to the increase in ocean temperature with
the increase in CO2 concentrations [4,154,155]. Stratification hinders nutrient supply to
primary producers from deep to surface waters because of the formation of layers that
prevent normal water mixing such as during upwelling processes. Such effects have been
reported in the Southern Baltic Sea and the Basque coast of Spain, where Fucus vesiculosus
and Gelidium corneum experienced lowered growth rates due to nutrient limitations caused
directly by ocean stratification [4,156–158], while G. corneum in the Cantabrian Sea became
less productive due to a reduction in nitrate availability [157].

4. Potential Mitigation Strategies for Ocean Acidification Impacts on
Seaweed Aquaculture

The high production volume of aquacultured seaweed demonstrates industry de-
mands and a significant contribution in terms of farming revenue [159]. The difference
between the cost (capital, maintenance, material inputs, and labour) and the income gen-
erated, on the other hand, determines the economic sustainability and cost-effectiveness
of seaweed cultivation [3,22]. Indeed, if OA has an impact on seaweed production, the
market’s value chain in terms of supply and demand will be disrupted, resulting in price
volatility and declining profit margins in various processing industries and global mar-
ketplaces [22,160]. Therefore, a clear motivation to mitigate the effect of OA on seaweed
aquaculture revolves around maintaining profitable production output in the circumstances
of an ever-changing global climate. Mitigation strategies must be expanded at the regional
level [53] and should serve as fundamental frameworks for strengthening policy imple-
mentation and to ensure the respective standards for proper seaweed cultivation practice
and effective management are delivered [54]. Unfortunately, an overarching management
plan that wholly addresses OA, specifically in seaweed aquaculture, is still lacking in many
countries [54].

The governance management for seaweed aquaculture—in the flow of policy, frame-
work, regulation, monitoring, followed by assessment and evaluation [14]—ideally com-
bines multiple aspects of mitigation strategies as the essential elements to counteract
OA. These key elements would further incorporate the managerial tools for long term
implementation, which include site selection, advanced aquaculture techniques, such as
integrated multi-trophic aquaculture (IMTA—see below), site buffering, selective breeding,
and genetic improvement (Figure 2). These same factors have been emphasised in multiple
articles, which provide indirect leads to a more sustainable seaweed aquaculture. Based
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on the broad framework established, regulations should be developed in accordance with
mutual goals such as the Sustainable Development Goals (SDGs), which may include
technical guidelines to ensure the long-term growth of the seaweed aquaculture indus-
try [14,55]. It is also recommended to identify and, if necessary, establish authoritative
bodies with a functional role at the national level. Their responsibilities should include
ensuring the sustainability of aquaculture practice while adhering to existing regulatory
policies [129,161]. Based on this approach, carbon tax implementation can be expanded
globally to manage CO2 release in order to reduce greenhouse gas emissions despite a
rapidly growing and developing economy [162–164].

5. Multi-Disciplinary Approach to Mitigate the Ocean Acidification Impacts on
Seaweed Aquaculture

To counteract the consequences caused by OA, the mitigation steps should ideally be
approached in concert. The identification of optimal farming techniques may be a viable
first step. Different seaweed aquaculture systems, such as a recirculating land-based system,
must be further developed, either through open-water systems or tank cultivation [1,160].
The farming method of choice is primarily determined by the farm’s scalable capacity
and how to maximise productivity based on local environmental factors [20]. In an open-
water cultivation, proper site selection and spatial planning are the key elements to ensure
the effectiveness of seaweed aquaculture under elevated CO2 scenarios [3,6,13,136]. In
Malaysia, farmers rely on the monoline method as the main farming technique, which has
increased production from 60 thousand tons in 2006 to 261 thousand tons since 2015 [12].
Open-water cultivation may be replaced by land-based seaweed farming. Although the
former is not new [165], more research is required to improve cultivation techniques and
ensure nutrient uptake efficiency in vitro. Certain seaweeds grew well in the presence
of elevated CO2, but as density increased, nutrient availability became limited due to
competition for uptake [132]. Therefore, certain land-based seaweed farming approaches
have been implemented through the concept of integrated aquaculture, notably Integrated
Multi-trophic Aquaculture (IMTA), to ensure the supply of nutrients required to support
sustainability regarding seaweed growth [16]. In general, IMTA, which consists of comple-
mentary ecosystems functions within a single aquaculture system, is known as one of the
mitigation strategies for marine aquaculture during OA [53,166]. With the co-cultivation of
seaweed as a key component, the whole system would lessen the impact of OA through
CO2 buffering while maintaining the possibility of further management applications, such
as seaweed-based bioremediation [16,53,159,167]. This would ameliorate the effects of
increased CO2 while also creating a favourable environment for seaweed cultivation.

Sustainable seaweed aquaculture stresses proper monitoring regardless of the pro-
duction technology. This can be improved with a long-term monitoring programme using
networks such as the Global Ocean Acidification Observing Network (GOA-ON) [168] or
the more regional Southeast Asian Global Ocean Observing System (SEAGOOS) [169]. The
variation of water parameters within each culture should be monitored and controlled to
provide optimal conditions for seaweed cultivation [13,134,170,171] using devices that are
regularly calibrated to ensure data accuracy [52]. Choosing cultivars with specific traits
that exhibit higher growth capacity, thermal tolerance, and disease resistance brings us one
step closer to having a comprehensive mitigation strategy [134,136,172,173]. This strategy
can be further leveraged through genetic improvement using hybridisation technology,
which is a means of modifying and developing existing cultivar strains for higher biomass
yields without limiting the choice of aquacultured seaweed species [134]. Concerning
the seaweeds selected for a cultivation system, species with high DIC affinity could be
prioritised to optimise CO2 or HCO3− uptake capacity [106,152]. Gracilaria may be one
of the choice species to extract organic and inorganic components since it is efficient at
assimilating ammonia, phosphate, and DIC [106,151].

Risk assessments based on an adaptive framework should be prioritised as part of
the steps to address potential problems, such as threats from climate change [8,174]. The
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Ecosystem Risk Assessment (ERA) is one viable approach for identifying hazards from
adverse events and their consequences for a specific organism. The quantification of pre-
impact levels and qualitative studies should be considered based on the projected effects of
OA, followed by the design and evaluation of precautionary methods [175]. Indeed, more
efforts to conduct risk assessments for marine plants classified by the International Union
for the Conservation of Nature (IUCN), particularly macroalgae, are required in all coastal
regions [56]. This is necessary to reduce the selection of farmed seaweed species that may
exhibit negative growth rates in stressful and disturbed marine environments [56].

Finally, the findings from a broad-based approach will provide information on how to
consolidate existing policies while ensuring the sustainability of seaweed aquaculture [175].
While anticipating the ripple effects of declining seaweed production, which may result in
economic losses, it is critical to develop a systematic and practical plan to overcome future
challenges in seaweed aquaculture. A conceptual framework was outlined (Figure 3), which
includes various aspects of seaweed aquaculture geared toward sustaining productivity
despite the constraints in OA scenarios.

6. Conclusions

Seaweed aquaculture has the potential to reduce CO2 emissions while also supporting
ecosystem services through CO2 sequestration; however, elevated CO2 and OA are likely
to have an impact on seaweed production. To mitigate the negative effects of severe OA
on aquacultured seaweed, a comprehensive mitigation plan with adequate monitoring is
required. Seaweeds, as the largest group of aquacultured species with high productivity by
volume, may be affected by regional and global changes in biomass yield. However, the
responses of aquacultured seaweeds to OA vary by species, as evidenced by changes in
physiological mechanisms such as the photosynthetic rate and nutrient uptake, which affect
seaweed productivity. At the same time, the acclimatisation of aquacultured seaweeds to
elevated oceanic CO2 depends on their carbon uptake strategies, while kinetic mechanism
adjustments would further determine changes in the photosynthetic rate in each species.
If OA has a negative effect on seaweed cultivation, the extent of its impact on seaweed
production must be quantified, and because industry profitability is determined by seaweed
price and operating expenses, monetary loss can be calculated precisely. More studies are
needed to quantify the effects caused by OA on the economy. This includes establishing
a link between physiological changes in seaweed and industrial productivity in terms
of production costs and potential revenues. As a result, multiple mitigation strategies
approached from various angles should be implemented to mitigate the effects of OA
on aquacultured seaweed. The emphasis should be on addressing existing knowledge
gaps in mitigation approaches, which are still imbalanced and overly skewed toward
monitoring- and IMTA-centric efforts. This entails multidisciplinary approaches developed
through synergy among various stakeholders—from researchers to aquaculture farmers
and policymakers—for a more holistic seaweed aquaculture system that incorporates key
mitigation tools. In short, the combined effects of OA on biological and economic factors
necessitate the implementation of a more collaborative mitigation strategy that incorporates
the various multidisciplinary aspects of OA and seaweed production.
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Abstract: In aquaculture, it is crucial to understand and mitigate the carbon footprint for sustain-
able production. As demand for seafood increases, various production techniques compete for an
eco-friendly status. This review examines the carbon footprint of various land-based marine aqua-
culture systems, highlighting their environmental impact. Through exploring innovations and best
practices, it navigates the complexities of reducing emissions and promoting carbon sequestration.
Some proposals for this purpose are based on diversification through low-trophic-level species, the
preservation of high-carbon sequestration sites, polyculture, organic aquaculture and improvements
in nutrition, feeding, waste and energy management. In this sense, some land-based aquaculture
systems are progressively adapting and updating their zootechnical procedures. Recirculating Aqua-
culture Systems (RASs) offer interesting advantages such as water conservation, pollution reduction
and biosecurity. Integrated Multi-Trophic Aquaculture systems (IMTAs) aim to address two major
issues in aquaculture: efficient water usage and the environmental impact of effluents, which are
rich in organic particles and dissolved nutrients from undigested food and feces; hence, these sys-
tems involve cultivating multiple species (polyculture). Biofloc Technology (BFT) is based on the
formation of bioflocs in a culture medium. These systems can enhance feeding efficiency and waste
management, thus optimizing nutrient utilization and minimizing environmental impact, achieved
through reduced water and fertilizer usage. Traditional (extensive) aquaculture systems operate with
minimal input of feed and chemicals, relying heavily on the natural productivity of the ecosystems;
thus, the need for manufactured feed, the environmental impact associated with feed production and
the transportation and overall costs are significantly reduced. Overall, while RASs, BFT and extensive
systems in general offer significant sustainability benefits, IMTA’s holistic approach to ecosystem
management and nutrient recycling makes it, in our estimation, the most effective method in terms of
ecological footprint in aquaculture. However, its quantitative evaluation is extremely complex, and
there is currently a lack of references about its global carbon footprint. Therefore, further research
and development are required, as well as collaboration and knowledge-sharing among stakeholders.

Keywords: best aquaculture practices; greenhouse gasses; carbon footprint; carbon sequestration;
RAS; IMTA; BFT; extensive aquaculture; organic aquaculture

1. Introduction

Over the past few decades, the aquaculture industry has experienced exponential
growth, emerging as a vital player in global food production [1]. This surge is attributed
to the escalating demand for seafood, driven by population growth, changing dietary
habits, and a decline in wild fish stocks [2]. While aquaculture offers a solution to meet the
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burgeoning seafood demand, its rapid expansion comes with environmental consequences,
for instance, those concerning greenhouse gas (GHG) emissions. This has led to several in-
novative production techniques and policies being improved in Europe during recent years:
the EU missions “Restore our Ocean and Waters” or “Green Deal”, the Atlantic Action Plan
or the Blue Growth strategy [3–6]. More recently, the United Nations Sustainable Develop-
ment Goals aim to “take urgent actions to combat climate change and its impacts” through
Goal 13. These actions imply transformative measures in energy, industrial, transport,
food, agricultural and forestry systems to move towards climate-resilient development and
achieve net-zero emissions [7]. To understand how the aquaculture industry can contribute
to this transformation, it is necessary to understand its contribution to GHG emissions and
how they can be mitigated.

According to MacLeod et al. [8], the total emissions in 2017 for all aquaculture were
245 MtCO2eq (147 MtCO2eq for marine aquaculture), which would only represent 0.49%
(0.27%) of total anthropogenic emissions (53.5 Gt [9]). The low emission intensity of
aquaculture, compared to terrestrial agriculture and livestock [8], highlights the importance
of maintaining the consumption of fish and seafood over meat. Despite this, aquaculture
emissions are lower due to the still greater amount of terrestrial livestock production, but it
has been estimated that aquaculture GHG emissions are increasing and that by 2030 they
will reach 383 MtCO2eq [10].

Major global GHG (CO2, CH4 and N2O) emissions come from the electricity and heat
production sectors (25%) and the agriculture and livestock sectors (24%) [10]. In the case
of the aquaculture industry, emissions are mainly related to the production of aquafeed,
energy use and biogeochemical processes occurring in the culture units.

Most aquaculture species are carnivorous or omnivorous, requiring feed with a high
protein content, often derived from fishmeal and fish oil [11]. However, sustainability
concerns around using wild-caught fish for feeding aquaculture fish have led to an increas-
ing use of cereals (mainly corn, wheat, rice) and oilseeds (mainly soybean) as aquafeed
ingredients [12]. The production of these raw ingredients, their transformation and their
distribution involve emissions arising from different sources [8,12]. In summary, 57% of
aquaculture emissions are related to the utilization of fishmeal. Promoting the culture of
noncarnivorous species and replacing fishmeal and fish oil with more sustainable alterna-
tives, such as other plant-based proteins and oils [13] and insect-based proteins [14], aim to
mitigate these emissions.

Energy consumption in aquaculture operations also contributes to GHG emissions,
and the type of energy source used determines the environmental impact. Fossil fuels are
used for the working vessel (when needed) and the distribution of the final product. Electric
energy is used throughout the whole industry in production operations and processing [15].
Depending on the farm type and the species cultivated (off-shore, land-based, fish, shellfish,
etc.), facilities rely on energy for a range of activities, including harvesting, transport, the
collection of juveniles, maintaining water quality, running aeration systems, providing
heating or cooling, pumping, lighting and powering vehicles [16,17].

Waste management in aquaculture systems is another aspect influencing GHG emis-
sions due to biogeochemical processes occurring in the culture units. Respiration by organ-
isms and organic matter in the effluents undergoes mineralization, producing CO2 [18]. In
earthen ponds (>40% of global aquaculture production [19]), the sediment is a major site
for methanogenic bacteria producing CH4 from dissolved organic carbon [20]. Moreover,
nitrifying and denitrifying bacteria metabolize ammonia and nitrate from effluents and
release N2O through aerobic nitrification and anaerobic denitrification, respectively [21].
The type of aquaculture system also affects GHG emissions. For instance, extensive and
semi-intensive systems, where ponds are fertilized to enhance natural productivity, can
result in higher emissions due to the microbial breakdown of organic matter [22]. Thus,
implementing efficient waste treatment technologies can minimize the release of GHGs into
the atmosphere [23]. Water parameters also have to be taken into account; the emission of
CO2 depends on many factors, like air and water temperature and pH [10]. An increase in
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temperature also stimulates methanogenesis and CH4 emissions, while high concentrations
of dissolved oxygen inhibit these activities [24]. Aquaculture pond sediment pH plays a
major role in the production of N2O. Nitrous oxide production by nitrification increases
with pH [25], while denitrification N2O production increases with a decrease in pH [26].
Additionally, the choice of species influences the environmental impact of aquaculture.
Some species are more feed-efficient and have lower waste production [27], contributing to
reduced GHG emissions. Concerning algae/phytoplankton cultivation, their productivity
contributes to CO2 flux changes and N2O synthesis during nitrate assimilation [28].

This introduction outlines some well-known strategies for addressing the challenge of
GHG emissions in marine aquaculture. However, several gaps remain in understanding
the impact of these strategies and comparing them in terms of carbon footprint. Firstly,
there is limited quantitative data on their global carbon footprint, making it challenging to
evaluate their overall effectiveness. Moreover, comprehensive life cycle assessments (LCAs)
comparing the more sustainable production systems with traditional methods are also
sparse, particularly in the marine context, due to the relatively recent application of LCAs
in aquaculture [29,30]. Secondly, the long-term impacts of transitioning towards so-called
eco-friendly methods have not yet been thoroughly explored. Finally, there is a need for
standardized methodologies to measure the carbon footprint of the different aquaculture
systems to facilitate more accurate and consistent assessments and comparisons [31]. In
this context, and in order to provide a structured analysis, this review seeks to answer
the following research questions: (1) What are the primary sources of GHG emissions
in land-based marine aquaculture systems? (2) What are the best practices and innova-
tions currently being implemented to mitigate GHG emissions in aquaculture? (3) Which
aquaculture system shows the most promise for sustainable production with minimal
environmental impact? (4) How can the aquaculture industry further reduce its carbon
footprint while maintaining or increasing production?

The following sections present in detail the main mitigation measures and best prac-
tices for reducing GHG emissions. It is important to note that many of these strategies are
closely interconnected and cannot exist independently. The suitability of current production
technologies is then reviewed based on their application of these measures and their carbon
footprint according to the literature.

2. Mitigation Strategies

2.1. Diversification through Low-Trophic-Level Species

It has been estimated that in the next decade, fishmeal and fish oil production will
not be allowed to meet the demand of the growing aquaculture industry [32]. Indeed,
reducing the use of wild-caught fish for this purpose is a well-known strategy for the
sustainable development of the sector [33,34]. Other than research on new protein-rich
alternative ingredients that can sometimes be nutrient-deficient for carnivorous species [35],
diversification through low-trophic-level species has been highlighted to mitigate GHG
emissions [34,36,37].

Farming extractive (nonfed) low-trophic-level marine species, such as bivalves, sea-
weeds or amphipods, represents a sustainable and environmentally friendly approach to
aquaculture [38–40]. Gephart et al. [41] and Jones et al. [42] found that among all so-called
“blue food”, bivalves and seaweeds produce the lowest levels of GHG emissions, land use,
N and P emissions, and freshwater use. In general, extractive species can be cultivated
with low energy requirements and without inputs since they are autotrophic and/or they
can extract dissolved nutrients and particulate matter from the water column, improving
water quality and reducing excess nutrients [37]. Bivalves are highly efficient in converting
organic matter into protein without the need for external feeds [43]. This process not only
mitigates nutrient pollution but also contributes to the overall health of an aquatic ecosys-
tem. Both bivalves and seaweeds play a crucial role in sequestering CO2, contributing
to climate change mitigation [44–46]. Additionally, seaweeds can provide a wide variety
of ecosystem services [47] such as improvements in water quality by assimilating excess
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nutrients and providing habitats for diverse marine organisms. Amphipods constitute a
low-trophic-level group and are currently being explored for their potential in aquaculture.
As they are opportunistic feeders able to feed on detritus, they enhance water quality
while also providing a source of protein and high-quality live food [48,49] without any
additional inputs. Furthermore, it has recently been demonstrated that marine amphipods,
despite being fed low-omega-3 diets (i.e., detritus), are able to preserve high levels of these
dietary lipids, among others [50]. Thus, according to Krause et al. [37], the aquaculture
industry provides a more sustainable alternative to red meat consumption by improving
the production and consumption of these low-trophic-level marine species.

Penaeids (mostly white shrimp, Penaeus vannamei, and giant tiger shrimp, Penaeus
monodon) are among the largest GHG producers in marine farming, alongside salmon
production. However, farmed shrimp produce lower emissions than captured ones, and
most of the emissions are associated with their land use and feed production [41]. Therefore,
to make penaeid aquaculture a more sustainable blue food source, it is recommended to
avoid converting mangrove areas to shrimp farms [51,52] and transition towards herbivore
feeds [53].

Concerning fish, it is important to note that only about 5% of all species are herbivorous,
and only 30% of these are marine, most of them living in coral reefs [54]. Despite this
limitation, it has been demonstrated that they present advantages in energy transformation
and resource utilization since they usually have low nutrient requirements, which they can
obtain from cultivable seaweeds or microalgae [55]. Moreover, the FAO has recommended
the development of aquaculture for these species since they also present high-quality
meat and low production costs within a good market demand context, mostly in Asian
countries [54,55]. A number of studies have been conducted globally with the objective
of developing their culture for commercial or repopulation purposes. Lozano-Muñoz
et al. [56] have recently demonstrated that the herbivorous fish Medialuna ancietae, a native
species from Chile, has great potential for use in a sustainable aquaculture context. They
showed that this species has low and fish-free requirements for protein. However, its meat
presents a high protein content, demonstrating that M. ancietae is an efficient converter of
feed into protein. In China, rabbitfish species (Siganus spp.) are now widely cultivated
with high economic profitability [55] and have been demonstrated to be highly efficient
in biosynthesizing long-chain polyunsaturated fatty acids (PUFAs). The milkfish (Chanos
chanos) is an economically important herbivorous species in southeast Asia [57]. A great
variety of protein sources have recently been studied for milkfish meal, such as, for instance,
soybeans, insects, polychaetes or seaweeds [58–61]. This trend towards herbivorous fish
aquaculture is less widespread in Europe. However, the potential of some species of the
family Mugilidae (Mugil cephalus, Liza spp., Chelon labrosus) has been highlighted due to
their omnivorous profile, rapid growth and resistance to environmental variations [62].
Martínez et al. [62] also underline the importance of the grey mullet (M. cephalus) in current
strategies in European aquaculture. These species’ culture takes place in extensive or
semi-intensive ponds [63], and research efforts to improve it have increased in recent
years [64,65].

2.2. Preservation of High-Carbon Sequestration Sites

Natural wetlands contribute 20–30% of global terrestrial carbon sequestration [66,67].
However, mangroves, seagrasses, estuaries and salt marshes have been disturbed in many
countries by practicing commercial shrimp and fish aquaculture [51,68]. The habitat transfor-
mation of these wetlands can increase the emissions of GHGs from organic matter already
stored in the system. Many studies have demonstrated greater emissions of greenhouse gasses
from sites converted to aquaculture ponds [19,69–71]. For instance, mangrove-converted aqua-
culture in the Mahakam delta led to a loss of 1925 Mg CO2eq ha−1 [68]. Similarly, conversion
from paddy fields to extensive crab ponds increased the 100 yr global warming potential
(GWP) from 8.15 to 28 Mg CO2eq ha−1, mainly due to increased CH4 emissions with a
contribution of 96.3% [19].
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In line with the previous section, primary producers play a crucial role in ecosystem
restoration and resilience [45,72], which is integral to mitigating the impacts of climate
change on aquaculture. Mangroves, seagrasses, estuaries and salt marshes not only se-
quester carbon [73] but also provide vital habitats for aquatic species, protect coastlines
from erosion and support nutrient cycling [74,75]. By restoring and conserving these coastal
ecosystems, aquaculture operations can enhance their resilience to environmental stressors
and contribute to broader climate change mitigation efforts [76–78].

2.3. Polyculture

The simultaneous cultivation of multiple species in a single aquaculture system
emerges as a strategic measure to mitigate GHG emissions in aquaculture [10,79]. Thomas
et al. [80] outlined that polyculture requires species compatibility (species sharing the same
space without detrimental interactions) and complementarity (compatible species using all
available resources). According to these authors, complementarity can be enhanced based
on trophic interactions or based on commensalism or mutualism [80]. Multi-trophic inter-
actions provide more advantages for sustainability in a polyculture context: the recycling
of water, the preservation of water quality, wastewater valorization through improvements
in the nutrient cycle (resources become products, products become waste and waste be-
comes resources [81]) or the diversification and improvement of production (with economic
interest) [80].

Concerning carbon footprint, polyculture systems capitalize on the complementary
interactions among different species, improving the nutrient cycle and acting as natural
bioremediators [42]. This not only improves water quality within the aquaculture system
but also reduces the environmental impact on surrounding ecosystems. This nutrient
cycling reduces the need for external inputs, minimizes waste and the need for waste
management, and enhances overall system efficiency [82,83]. Additionally, by relying on
the ecological interactions among species, the need for supplemental feeds is minimized.
This results in cost savings and reduces the overall environmental footprint associated with
aquafeed production.

Therefore, selecting suitable species is a key issue in polyculture systems for ensuring
sustainability. For instance, the oyster Crassostrea angulata seems to be a CO2 generator
through calcification and respiration (153 and 349 g C m−2, respectively), though oyster
harvesting sequesters ca. 258 g C m−2y−1 due to shell formation [79]. This negative balance
can be attenuated by culturing the seaweed Gracilaria lemaneiformis, which would act as an
efficient sink for CO2. Zhang et al. [84] reported that a polyculture with the crab Portunus
trituberculatus and the shrimp Marsupenaeus japonicus was much more sustainable than
those species and the clam Ruditapes philippinarum (−79 versus 194 g CO2 m−2).

2.4. Nutrition and Feeding Efficiency

Feeding practices in aquaculture are crucial in determining its environmental impact.
Inefficient feeding not only increases operational costs for farmers but also contributes
significantly to the sector’s GHG emissions [85]. Research efforts have been made to
reevaluate feeding strategies, with a focus on minimizing the environmental impact of
aquafeed production through using new ingredients, optimizing nutrient utilization, and
valorizing waste.

As previously mentioned, the production of aquafeed is one of the primary contrib-
utors to the carbon footprint in marine aquaculture [8]. Advancements in aquaculture
nutrition science have highlighted alternative and sustainable feed ingredients. These
ingredients, such as plants and insects, mitigate the impact on wild fish populations and
ecosystems and often require less energy in processing [38]. Plant-based proteins have
been widely used in aquaculture during the last two decades [86], mostly from soybean,
wheat, corn or rice. These plant-based aquafeeds have been demonstrated to present
a favorable essential amino acid (EAA) profile, a high content of protein and great di-
gestibility for fish [35,87–89]. Nevertheless, plants also present some challenges and are
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far from being a net-zero emission ingredient. Some important plant anti-nutrients have
been identified [90,91]. Moreover, crops’ GHG emission sources are diverse: the use of
fertilizers (N2O), the increasing use of flood-cultivated rice, whose anaerobic conditions are
prime sites for CH4 production [13], or the expansion of soybean cultivation (CO2 derived
from land use change [14,15]). The competition for plant protein resources for human
consumption and terrestrial animal feed has led to a rise in prices and the necessity to
develop new ingredients [86]. Insect flour has been demonstrated to be highly nutritious
and rich in protein, lipids and EAAs [92,93]. From a sustainability point of view [94,95],
the main advantages of growing insects for aquafeed purposes are that they can use or-
ganic byproducts (wastes), promoting a circular economy, and the environmental benefit
associated with land use. However, the mass production of insects is still in a developing
stage [35] and needs to be improved, especially in terms of energy use [95]. In addition to
the acquisition of any raw ingredient, energy consumption during fishmeal production and
distribution is a significant contributor to the carbon footprint of aquafeeds. [8].

The use of additives can improve feeding efficiency [96,97]. Living additives and
additives extracted from organisms are preferred over hormones or antibiotics due to their
eco-friendly nature [96]. Single-cell protein and oil based on bacterial, microalgal or yeast
biomass can also be grown from byproducts from other industries and are widely used as
a protein/omega-3 source for aquafeeds [98,99]. These additives have also been demon-
strated to have probiotic and inmunostimulant effects on the cultured species [99]. This is
also the case with some molecules extracted from seaweeds, such as the polysaccharide
ulvan [100]. Enzyme supplementation in feed fish also improves digestibility and feeding
efficiency [101]. There have been relatively few studies on the application of enzymes in
the diets of marine species [102]. However, the potential of animal byproducts like fish
viscera has been highlighted as an enzyme source for marine fish diets [103].

Feeding efficiency also extends beyond the choice of ingredients to the feeding prac-
tices employed on aquaculture farms [104]. Precision feeding technologies, such as auto-
mated feeding systems and real-time monitoring, allow farmers to tailor feed delivery to
the specific nutritional needs of their fish. This not only reduces excess feed and nutrient
wastage but also ensures that the fish receive optimal nutrition at the right time, promoting
healthier and faster growth. Furthermore, as highlighted above (cf. 2.3), the implementation
of polyculture is an example of an approach to improving feeding efficiency.

2.5. Implementing Waste Management Technologies

Aquaculture operations generate significant amounts of inorganic waste, mainly
ammonium, nitrate and phosphate, from degraded uneaten feed and fecal matter. When left
unmanaged, these wastes contribute to environmental degradation, such as eutrophication
and algal blooms [105]. On the other hand, the degradation of organic solids in wastewater
can also lead to a high biological oxygen demand and the production of ammonium due to
mineralization [106].

Inorganic waste management technologies offer effective solutions to mitigate these
potential impacts. One of these technologies is the use of biofilters that allow for the
conversion of ammonia wastes [107,108] into less harmful compounds through nitrifica-
tion [109]. This reduces the need for water exchange and minimizes nutrient discharge
into the environment. Additionally, advancements in waste treatment technologies such
as UV and ozone treatment [110,111] allow for the more efficient removal of pollutants
from aquaculture wastewater. As highlighted above in the low-trophic-level and polyculture
sections, the incorporation of nutrient recovery technologies allows aquaculture facilities
to extract valuable nutrients [112], such as phosphorus and nitrate, and recycle them for
use as fertilizers in agriculture [113] or in aquaponics systems [81] to produce plant or
algal biomass.

Organic waste includes feces and uneaten food, dead organisms, algae waste, etc. [114].
Effluent treatment primarily involves mechanical filtration through sand filters. Sludges are
then stored in decantation tanks and recovered for reuse as fertilizers or for transformation
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into biofuels [115,116]. The valorization of algae, crustacean and fish waste through the
recovery of biomolecules such as proteins, polysaccharides and biosurfactants has also
been highlighted [114]. Additionally, recent research has focused on the development of
eco-friendly enzyme-assisted methods for the extraction of these molecules [117–119]. In
conclusion, the management of waste through its valorization reduces the carbon footprint
of aquaculture activities while also contributing to the circular economy.

2.6. Energy Efficiency

Some of the previous strategies are linked with energy efficiency. The use of filtration,
biofiltration and water treatment technologies minimizes water consumption and reduces
the energy needed for water pumping and heating. In addition, implementing precision
feeding techniques allows for precise control over feed delivery, minimizing waste and
waste management operations.

Transitioning to alternative fuels for vessels (electricity, natural gas, biodiesel, methanol,
etc. [120]), fully electric and hybrid trucks and renewable energy sources using solar panels,
photovoltaics or wind turbines in aquaculture facilities can significantly reduce the carbon
footprint of these operations [15,121]. Aquaculture activities often require heating to main-
tain optimal water temperatures, especially in cold climates or during the winter months.
Heat recovery systems can capture waste heat from the aquaculture process itself (water
recirculation or effluent treatment [122]) or from industry [123]. This waste heat can then
be reused to heat the culture units. Indeed, the utilization of waste heat from industrial
or agricultural sources has been studied, with the resulting energy savings being due to
minimal or even no use of carbon-based heat [124]. Furthermore, the controlled production
costs resulting from the use of waste heat have been evidenced. Finally, a reduced environ-
mental impact has been observed, with a decrease in CO2 emissions by more than 26% and
the valorization of liquid and solid effluents within a “zero waste” objective [124]. Another
promising approach is the utilization of waste-to-energy technologies, such as anaerobic
digesters and gasification systems. The production of biogas in methanogenic reactors
from sludges through anaerobic digestion to obtain energy and heat [115], which could
even be returned to the system to maintain the temperature, promises to make land-based
aquaculture even more circular and sustainable [125]. Finally, upgrading to energy-efficient
equipment and infrastructure and monitoring energy consumption can result in significant
energy savings [126].

2.7. Organic Aquaculture Standards

Organic aquaculture production must be taken into consideration in this section
since it has recently attracted significant interest from consumers and investors [127,128].
According to the International Federation of Organic Agriculture Movements (IFOAM),
“organic agriculture is a production system that sustains the health of soils, ecosystems,
and people. It relies on ecological processes, biodiversity and cycles adapted to local
conditions, rather than the use of inputs with adverse effects. Organic Agriculture combines
tradition, innovation, and science to benefit the shared environment and promote fair
relationships and good quality of life for all involved” [129]. This definition may be applied
to aquaculture through the principles of health, ecology, fairness and care [130]. The
European Union (EU) Organic Aquaculture Standards, established under Regulation (EC)
No. 710/2009 [131], outline specific criteria and obligations for aquaculture operations to
be considered organic within the EU. Certification processes and regulatory frameworks
may differ between regions. However, common standards and requirements of organic
aquaculture include the following [130]:

• System design and location are related to contamination from outside sources, the
introduction of exotic species, escapes, contamination with effluent discharges, the use
and reuse of water and maintaining water quality.

• Sources of stock, breeds and breeding concern the preference for local species and the
prohibition of polyploidy, the use of hormones and the handling of the daylight period.
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• The feeding and nutrition of aquaculture animals concern the efficient use of food to
minimize loss and the use of organic feed ingredients sourced from certified organic
sources whenever possible.

• Health and welfare are related to measures designed to provide adequate space, shelter
and environmental enrichment, with the aim of promoting natural behaviors and min-
imizing stress. Practices such as overcrowding, confinement and the use of stressful
handling techniques are prohibited (including during harvest and transportation).

• Processing and labeling operations must maintain detailed records of all inputs, prac-
tices and activities related to production. This includes the documentation of feed
ingredients, water quality monitoring results, stocking densities and health manage-
ment practices.

3. Land-Based Aquaculture Farming Systems: In the Race for an Eco-Friendly Status

Traditional intensive flow-through aquaculture systems utilize natural water sources
to provide a continuous flow of water to aquaculture ponds or tanks [130]. In the marine
context, examples of flow-through systems include raceways and tanks where species
such as turbot (Scophthalmus maximus), sea bass (Dicentrarchus labrax) or sole (Solea sp.) are
grown [132–134]. These systems operate by diverting water from a natural source, passing
it through the culture units and then discharging it back into the environment. The constant
flow of water serves to sustain optimal oxygen levels, remove waste and provide a stable
environment for the fish [132]. However, this method has a significant impact on the wild
environment due to its high densities, which result in high inputs and enriched discharges.
Consequently, it has been refined over centuries to enhance production while maintaining
water quality, animal welfare and the minimization of ecological disturbances [130]. Here,
we discuss some of these improved systems and technologies.

3.1. Recirculating Aquaculture Systems (RASs)

The development of RASs has been characterized by innovation since the 1950s [135],
driven by the need to address environmental concerns, optimize resource use and meet
the growing demand for seafood production. The main feature and advantage of RASs is
water recycling and, consequently, its low water consumption [130]. Figure 1 illustrates an
RAS and its main water treatment equipment.

The seawater reservoir tank (1) is equipped with a pH sensing line and a pump to
supply a buffer solution that is added to keep the pH stable. Water is first pumped (2) from
this tank to a mechanical filter (3), i.e., a sand filter. This filter is regularly backwashed, and
the water with sludge is discharged. In other RASs, sludge can be stored in decantation
tanks, recovered and reused as fertilizer or for biogas production [115,116]. The water is
then pumped into the biological filter (4), where plastic bio-balls are colonized by nitrifying
aerobic bacteria [136] that convert ammonia (NH4

+) to nitrate (NO3
-). From here, the

effluent is also discharged, and the filtered water is (i) returned to the reservoir tank (1) or
(ii) pumped into a protein skimmer (5), which removes dissolved fine organic solids [137].
In this filter, small air bubbles are injected at the bottom to attach to the organic compounds
and lift them to the top. The skimmer foam is then removed with the effluent, and the
skimmed water is returned to the cycle. A final filtration of microparticles and microbial
biomass [138] is then carried out by UV irradiation (6). Finally, the water is heated (7) if
necessary before it reaches the culture tanks (8).
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Figure 1. Diagram of a Recirculating Aquaculture System (RAS). Numbers are detailed (in brackets)
in the text. Source: SCA Blennius, Puerto Real, Spain.

Recirculating Aquaculture Systems are considered a sustainable production
method [108,139]. The advanced water treatment technologies employed in RASs enable
the cultivation of high-value species at high stocking densities and high economic prof-
itability while simultaneously ensuring animal welfare and maintaining water quality [130].
Therefore, RASs represent one of the most productive aquaculture methods. As an example,
they are the most efficient in terms of land and feed use across major species and production
systems in US aquaculture [140]. By treating and recirculating water within the system,
an RAS minimizes the discharge of pollutants, such as excess nutrients and fecal matter,
into the environment, reducing the risk of water pollution, eutrophication and ecosystem
degradation [141]. Its land-based and indoor nature prevents effects on biodiversity due
to escapes, diseases and parasite transmission [141]. Concerning the GHG mitigation
strategies cited in Section 2, Table 1 summarizes the application of these strategies in
RASs. In a marine context, RASs are mainly monospecific and used for carnivorous fish
species [142–145]. In terms of their use for rearing low-trophic-level species, these systems
have been used with some invertebrates such as shrimps [146–148] or sea urchins [149–151],
but this remains a minor use. Regarding feeding strategies, Godoy-Olmos et al. [143] found
that feeding by auto-demand feeders led to higher NH4

+ removal rates, preserving water
quality and reducing water consumption. In an RAS context, precision feeding technologies
are widely employed [152], as they allow the amount of food and the feeding frequency to
be carefully controlled. This is an important advantage of RASs, as it has been shown that
overfeeding can lead to an increase in uneaten food, particulate organic matter, ammonia,
nitrite and nitrate in the culture units [153,154], which can pollute the water and cause
diseases in aquatic organisms [155,156]. Finally, as previously mentioned, the choice of pro-
tein sources in the diet for each cultivated species is crucial. A low digestibility of nutrients
can again result in an increase in uneaten food and a decrease in water quality [157,158].
The technical complexity of RASs requires high energy consumption, resulting in high
costs that may compromise the economic viability of operations and contribute to higher
GHG emissions. These are the two most significant constraints of RASs [159]. Therefore,
enhancing energy efficiency is critical to ensuring their sustainability. Energy-saving mea-
sures, such as energy audits and the use of software with energy performance data, have
been identified by some authors [160,161]. These measures can provide valuable informa-
tion for decision-making. Kucuk et al. [162] recommended upgrading to energy-efficient
equipment, particularly pumps, in line with Badiola et al. [163], who identified heat pumps
as a major energy consumer in RASs. On the contrary, Bergman et al. [125] show a case
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study in Sweden, where they cultivate warm-water tilapia and where renewable energy
sources are employed. They demonstrated that cultivation in RASs was possible without
requiring significant energy compensation. This was accomplished through the valoriza-
tion of byproducts to produce biogas. In summary, these studies suggest that while further
research and improvements are necessary to improve the energy efficiency of RASs, these
systems are suitable for implementing advanced technologies that could enhance their
sustainability in the future.

Table 1. The synthesis of measures applied in each farming system and estimations of their carbon
emissions: �: few studies address this strategy; ��: at least half of the studies reviewed address this
strategy; ���: most of the studies reviewed address this strategy; ����: all studies reviewed
address this strategy.

Farming
System

Low-Trophic-
Level Species

Polyculture
Feeding

Efficiency
Strategies

Waste
Management

Energy
Efficiency

Carbon
Sequestration

Carbon Emissions

RAS ���� ���� ���� ���� ���� ���� 6109 kg CO2e t−1

WW [42]

IMTA ���� ���� ���� ���� ���� ���� no data

BFT ���� ���� ���� ���� ���� ���� 5945 kg CO2e t−1 of
shrimp [164]

Extensive
systems ���� ���� ���� ���� ���� ����

392 kg CO2e t−1 of
bivalves WW [42]

~65 t CO2e ha−1 y−1

[165]

Carbon sequestration is only achievable through finfish production in off-shore cages,
not in RASs, although this capacity has been poorly studied and quantified [164]. Addi-
tionally, few studies have calculated the carbon footprint of RAS. According to a review by
Jones et al. [42], fed marine finfish cultivation in RASs emits 6109 kg CO2e per ton of finfish
wet weight on average. However, these values can vary between 1382 and 44,400 kg CO2e
per ton of finfish wet weight. These variations are due to different species, foods, locations
or energy sources.

In summary, RASs inherently offer advantages such as water conservation, pollution
reduction and biosecurity. However, RASs rely on high stocking densities, are disconnected
from the natural marine environment and require a high input of external energy. These
facts mean that RASs are not in line with the UE organic aquaculture standards [130],
and additional measures are needed to ensure compliance with organic principles and
regulations. This may include sourcing organic feed ingredients, implementing disease
management strategies, maintaining detailed records of inputs and practices, etc.

3.2. Integrated Multi-Trophic Aquaculture Systems (IMTAs)

The origins of Integrated Multi-Trophic Aquaculture (IMTA) systems can be traced
back to farmers in ancient civilizations such as China and Egypt, who wanted to raise fish
and at the same time use waste to produce complementary products and income [165].
Modern IMTA development gained importance in the 1970s [166], and by the early 2000s,
IMTA practices were increasingly adopted globally, promoting ecosystem-based manage-
ment and resource efficiency [167–169]. Today, IMTAs are a cultivation technology that
is currently being driven by the EU due to its efficiency. These systems aim to address
two major issues in aquaculture: efficient water usage and the environmental impact of
effluents, which are rich in organic particles and dissolved nutrients from undigested food
and feces. IMTAs involve cultivating multiple species of different trophic levels (with or
without terrestrial organisms) in the same or separate compartments connected by nutrient
flows [170]. Thus, the waste (organic and inorganic matter) from the main fed species at a
higher trophic level can be utilized by the extractive species at a lower trophic level/levels

34



J. Mar. Sci. Eng. 2024, 12, 1192

(Figure 2). In these “designed ecosystems”, nutrient loss and water usage are minimized,
and waste is valorized in a circular economy model: resources become products, products
become waste and waste becomes resources, in line with UN Sustainable Development
Goal 12 [171]. In the example (Figure 2), discarded water from an indoor fish RAS is
pumped into an IMTA array placed in a greenhouse. The water with organic solids is first
transferred to a solids retention compartment with deposit feeders (e.g., polychaetes) and
then to a distribution tank with aeration. Finally, the water reaches the primary producer
(e.g., halophytes) compartments for dissolved inorganic nitrogen and phosphorous uptake.

Figure 2. Diagram of a land-based IMTA. Modified from Castilla-Gavilán et al. [81].

There is a wide variety of IMTAs, both offshore (based on net cages, longlines,
rafts. . .) [167,172] and land-based (based on RASs, flow-through systems, extensive earthen
ponds. . .) [81,173–176]: combinations between finfishes, bivalves, gastropods, decapods,
amphipods, seaweeds, phytoplankton, echinoderms, sponges, plants, etc., are possible (see
Guerra-García et al. [177]). IMTAs can combine high-value species, such as salmon, oyster
and sea urchins, with others of lower value, including seaweeds and mussels. From an
economic perspective, it is noteworthy that IMTA products are generally well received by
consumers, with many willing to pay a premium for products bearing an IMTA label [178].
Numerous studies have demonstrated the high efficiency, productivity and sustainability of
IMTAS. It has been suggested that among the different types of IMTAS, recirculation land-
based IMTAs have the highest potential for nutrient retention [179]. These authors suggest
that a four-species marine IMTA consisting of fish as fed species and algae, bivalves and
detritivores as extractive species would achieve the highest theoretical nutrient retention
efficiency. This system would absorb between 79% and 94% of the nitrogen, phosphorus
and carbon supplied with the aquafeed. This approach has been demonstrated on a large
scale in Pacific fish farms producing milkfish (Chanos chanos), shrimp (Penaeus monodon),
clams (Meretrix lusoria) and seaweed (Gracillaria sp.) [180]. Thus, IMTAs, by definition,
use low-trophic-level species and polyculture, which makes these systems highly advan-
tageous in terms of sustainability and GHG mitigation strategies. Feeding efficiency and
waste management strategies are enhanced by the use of a deposit feeder link [49,181],
which reduces carbon from organic wastes (uneaten aquafeed and feces) and primary
producers that maintain and improve water quality, even more so when combined with
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RASs [182]. It is important to highlight that, in IMTAs, the feed input is usually similar
to that of monoculture systems but with an additional output due to polyculture [183].
Furthermore, in a land-based context, the energy efficiency of IMTAs is mainly related to
the energy efficiency of the system used to produce the fed species (i.e., RAS, flow-through
system, extensive ponds. . .). Checa et al. [183] determined that water recirculation for the
production of extractive species allows water exchange to be reduced and, consequently,
the energy required for pumping and the energy costs. Cunha et al. [184] also showed
energy savings for pond aeration in IMTAs with filter feeders. In any case, any lower
energy efficiency (or higher energy costs) in IMTAs is offset by the fact that the water treat-
ment produces multiple species, making farms more environmentally and economically
resilient [80,185,186].

Carbon sequestration is possible in IMTAs, especially through seaweed and shellfish
cultivation [42,184,187,188]. Macroalgae cultivation has been highlighted for its potential
to contribute to global blue carbon sequestration due to its capacity for photosynthetic
CO2 assimilation [189,190] and has been recommended as a climate change mitigation
strategy [191]. Regarding shellfish, Cunha et al. [184] observed that carbon sequestration
was higher in land-based IMTAs (fish + phytoplankton + seaweeds) when oysters were
also present (0.50–0.53 mg L−1 8 h−1). Liu et al. [192] also observed that large-scale
shellfish–macroalgae IMTAs act as CO2 sinks and play an important role in the local carbon
cycle. However, it is important to note that although these farms can store large amounts
of carbon, when the algae and shellfish are harvested, carbon is released through the
food chain [44]. In this sense, the benefits of these systems are still being investigated,
but their low ecological footprint compared to monospecific aquaculture techniques is
unanimous [186,193]. Although IMTAs are currently employed in numerous countries [51]
and have been the subject of numerous studies, due to the considerable diversity of these
systems (open-water or land-based) and the inherent difficulty in measuring the ecological
footprint in circular systems [183], there is currently no global evaluation of their GHG
emissions. For instance, Nobre et al. [194] observed a reduction in GHG emissions of
between 290 and 350 t CO2e year−1 when abalone were cultivated in IMTAs. In contrast,
the work of Chary et al. [195] illustrates the challenges of assessing the impact of IMTAs
on climate change. In their study of an open-water IMTA involving red drum and sea
cucumbers, they estimated emissions of 2341 kg CO2eq per t of fresh aquatic product.
However, they found few differences between the IMTA and a monospecific red drum farm
due to the unbalanced design of the finfish and sea cucumber compartments.

The potential for IMTAs to facilitate the ecointensification of aquaculture has been
demonstrated. These systems offer the dual benefits of producing safe products for human
consumption and meeting the standards for organic aquaculture [178,196,197].

3.3. Biofloc Technology (BFT) Systems

Biofloc Technology (BFT) originated in the 1970s at Ifremer-COP (French Polynesia)
on penaeid species, with the aim of identifying sustainable methods to improve water
quality in aquaculture [198]. The initial phase of its development was focused on reducing
nitrogen levels through microbial processes [199]. The concept progressed in the 1990s and
2000s, with significant scientific contributions [200,201], promoting its application in shrimp
and fish farming in areas where water limitation, land costs and environmental issues
were major concerns. Today, BFT is widely adopted for its environmental and economic
benefits, particularly in intensive shrimp aquaculture systems [202]. Although shrimp
is a species with a high market value, it should be noted that the BFT system can result
in the production of off-flavors, which may be attributed to high turbidity, filamentous
cyanobacteria and actinomycetes. These factors can negatively impact the quality and
market value of BFT-produced shrimps [203]. However, several strategies have been
proposed to alleviate this problem, including the introduction of certain microorganisms,
such as those from the Bacillaceae family, into BFT system designs as bioreactors [204,205].
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BFT systems are based on the formation of bioflocs in a culture medium (Figure 3).
These are microscopic ecosystems where uneaten food, excess inorganic nutrients, and
feces aggregate along with microorganisms (bacteria, microalgae, diatoms, protozoa. . .).
This aggregation is enabled by a matrix of extracellular polymeric substances secreted by
the microorganisms [206]. By maintaining a high carbon/nitrogen ratio [206] through the
addition of a carbon source (molasses, glycerol, flours [207]) to the culture medium, the
colonies of chemoautotrophic bacteria present in the bioflocs assimilate the ammonium
excreted by the cultured species during the nitrification process, transforming it into
nitrate. Furthermore, heterotrophic bacteria can also directly assimilate the ammonium
into bacterial biomass. Additionally, microalgae contribute to nitrogen absorption during
photosynthesis [208]. In this manner, BFT serves to maintain water quality by reducing the
ammonium concentration, which is toxic to the cultured species, and transforming it into
nitrate, which can accumulate but does not pose a health risk to the cultures. This reduces
water consumption, its purification and the associated costs. Moreover, nitrogenous organic
wastes are employed in the synthesis of microbial protein, making biofloc a rich source
of quality protein that can be used as supplementary feed for the cultured species [209].
Thus, BFT also promotes low-protein diets, reducing the cost and environmental impact
associated with the formulation of protein-rich feeds [200]. The addition of organic carbon
sources can result in fluctuations in dissolved oxygen levels due to the metabolic processes
of aerobic microorganisms [210]. In order to prevent stress on the cultured organisms, it is
possible to separate the biofloc reactors from the culture tank [211]. The effluent is then
transferred to these reactors, where a carbon source is added in order to stimulate the
growth of bioflocs. Subsequently, the water and bioflocs from the reactors are transferred
to the culture tanks, where they are consumed [210,212].

Figure 3. Diagram of a BFT system with a biofloc within the culture unit. Source: authors.

BFT systems have been identified as a promising technology for sustainable food
production, contributing to the development of a circular economy. This technology is
currently primarily employed in the cultivation of penaeids, as they are omnivorous
species that can feed on biofloc [213]. These species are also tolerant to changes in the
concentrations of dissolved oxygen in the water and nitrogenous compounds and can
withstand high culture densities and high concentrations of suspended solids [214,215].
Like IMTAs, BFT promotes low-trophic-level species cultivation and polyculture. Indeed,
some authors have proposed this technology as a form of IMTA [183,197,216] because of the
presence of microorganisms in the fed species. A wide variety of integrated BFT systems
have been studied, showing higher efficiency than monospecific BFT: shrimp in BFT with
Nile tilapia [217], with mullet (Mugil liza) and seaweeds (Ulva fasciata) [218], with Ulva
lactuca [219], or with tilapia and the halophyte Sarcocornia ambigua [220]. Feeding efficiency
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and waste management are also enhanced by definition in these systems, as they have
the capacity to enhance nutrient utilization and minimize environmental impact, achieved
through reduced water and fertilizer usage [178,202]. In BFT systems, food requirements
are reduced, and an increase in the survival and growth rates of cultivated species has
been observed. Bioflocs present a favorable nutritional profile for numerous aquaculture
species, including filter feeders, detritivores and even some herbivorous or omnivorous
finfish, which are able to feed directly on particulate organic matter [212]. Other studies
have demonstrated that the consumption of bioflocs can enhance growth and fortify the
immune system of cultivated species by increasing the activity of their digestive enzymes,
resulting in an increase in the feed conversion rate [221]. Concerning energy efficiency, the
aeration of BFT systems requires much more energy than conventional tanks and most
recirculation systems, which represents a significant cost [206]. However, the need for
water exchange is minimized, thereby reducing pumping costs. In general, maintaining
the water temperature in BFT systems may not require significant energy input due to the
minimal water exchange, which prevents variations in temperature. However, when this
technology is employed for the cultivation of tropical species in cold countries, maintaining
the temperature can be costly in terms of energy [198,222]. This issue can be resolved
by recovering waste heat from the industrial sector or by manufacturing biogas from the
farm’s own waste [223].

It has been demonstrated that carbon sequestration can occur in BFT ponds, as the
phytoplankton present in bioflocs are able to use carbon through photosynthesis, acting
as carbon sinks [224,225]. This phenomenon, in conjunction with the reduction in the
feed conversion ratio (FCR) observed in BFT, has led to the suggestion that these systems
could be employed as a strategy for reducing the GHG emissions associated with shrimp
farming, even when a carbon source is added to the ponds [226–228]. Indeed, Huang
et al. [226] estimated that GHG emissions in a shrimp BFT system were 5945 kg CO2e t−1 of
shrimp, which represents one-quarter of the emissions of a super-intensive system, while
BFT production represented 60% of the super-intensive yield. Finally, shrimp production
is frequently incompatible with organic labels. The application of BFT, the use of organic
feed and surveying animal density and welfare could collectively help to achieve organic
standards and certification [130].

3.4. Extensive Aquaculture: Earthen Ponds and Intertidal Aquaculture

Extensive aquaculture is the most traditional mode of production and involves rais-
ing aquatic organisms in natural or semi-natural settings with minimal human interven-
tion [130]. It includes earthen ponds and intertidal aquaculture of bivalves (Figure 4).
Earthen ponds are shallow, man-made ponds where organisms are raised using natural
resources such as algae and plankton for food. An example is the use of salt marshes
and their seawater reservoirs built by enclosing a piece of salt marsh to guarantee a con-
stant supply of water from the saltworks [229,230]. The macroinvertebrate community
naturally inhabiting these ponds includes small molluscs, crustaceans, polychaetes and
chironomids, among others, which constitute the main food for nonintensively reared
fish [231]. These systems promote the welfare of cultured fish which feed on natural prey.
Intertidal bivalve aquaculture is one of the most important aquaculture industries [1] and
involves cultivating bivalves in intertidal coastal areas where they filter feed on plankton
and organic matter present in the water. These systems operate with minimal input of
feed and chemicals, relying heavily on the natural productivity of the ecosystems [83].
Both systems produce high-quality products that can achieve high prices in the market in
comparison to products from semi-intensive or intensive systems if they are differentiated
through appropriate labeling.
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(a) (b) 

Figure 4. (a) Oyster trestle tables placed in the intertidal zone; (b) marsh ponds in Cadiz Bay.

Concerning our climate change mitigation strategies, extensive aquaculture systems
often focus on low-trophic-level species, such as bivalves and herbivorous or omnivo-
rous fish or crustaceans, requiring few resources for growth and reducing the ecological
footprint of production [231]. Bivalves, in particular, do not need external feed inputs,
relying instead on natural phytoplankton, which enhances their sustainability [232]. Many
extensive aquaculture systems employ polyculture or IMTAs [233–235], combining, for
example, the extensive culture of fish and crustacean amphipods associated with marsh
ponds [48,236]. Fish cultured in marsh ponds are usually produced in polyculture systems
(e.g., mugilids, seabream, seabass and sole), especially under extensive conditions, but the
monoculture of gilthead seabream (Sparus aurata) is being increasingly conducted in marsh
ponds. In fact, extensive systems provide a fish product more similar to wild conspecifics,
with similarities in the trophic niche and the concentrations of trace metals [231]. Feeding
efficiency in extensive aquaculture is inherently high due to the reliance on natural food
sources. In these systems, organisms consume naturally occurring plankton and detritus,
which are replenished through natural processes like sunlight and nutrient cycling. This
reduces the need for manufactured feed, lowering costs and minimizing the environmental
impact associated with feed production and transport [75,231]. Extensive earthen ponds can
exhibit efficient waste management through natural processes or through their association
with constructed wetlands [237]. Waste settles and is broken down by microbial activity,
which recycles nutrients back into the pond ecosystem, promoting further algal growth. On
the other hand, bivalves filter and clean the water, removing excess nutrients and particu-
lates while promoting biodeposition and enriching the sediment [238]. Regarding energy
efficiency, these systems utilize sunlight and natural biological processes for production.
Their reliance on natural sunlight for algae growth, which forms the base of the food web,
significantly reduces the need for external energy inputs, which are reduced to downstream
production stages such as processing, packaging, refrigeration or transport [42].

Extensive aquaculture can also contribute to carbon sequestration, especially in the
case of bivalve farming, as previously noted. Bivalves incorporate carbon into their shells,
effectively removing it from the atmosphere. However, it is important to be cautious
with these statements since some studies affirm that the amount of CO2 released through
respiration is higher than the amount stored in a calcium carbonate shell [79,239]. According
to Willer and Aldridge [240], global bivalve production (all systems included) emissions
reach 11.1 tons of CO2e per ton of protein, but excluding transport, emissions range between
−5 (when bivalves are a net sink of carbon) and 1874 kg of CO2e per ton WW (with a median
of 392 kg CO2e). Furthermore, extensive pond systems generally emit fewer GHGs than
intensive systems due to their lower energy and feed inputs. However, the precise impact
of extensive aquaculture on GHG emissions can vary depending on the specific practices
and management of the systems [42]. In China, Zhang et al. [241] have estimated GHG
emissions from extensive aquaculture in wetlands and inland ponds to be approximately
65 t CO2e ha−1 y−1. They also showed that coastal wetland systems have the lowest
CO2 emission impact, functioning as a net carbon sink when polyculture is conducted.
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These extensive earthen ponds are, above all, providers of ecosystem services, including
economic benefits, nutrient absorption (N, C) and habitats for birds, fish and invertebrate
species. They also meet the criteria for organic labeling, enabling premium prices and
ensuring economic viability [75]. Indeed, in this study, Walton et al. [75] demonstrated that
aquaculture can mitigate the ecological degradation of natural wetlands, which represents
an ecosystem restoration strategy of the EU [242].

4. Conclusions, Challenges and Implications

In this study, we compared several aquaculture systems in terms of their strategies
to reduce GHG emissions. This review demonstrates the proactive approach of the aqua-
culture industry towards sustainability. The transition from intensive systems to more
sustainable and extensive practices and methods, such as RASs, IMTAs and BFT, repre-
sents a significant advancement. Nevertheless, the results of our investigation indicate
considerable variability between different studies of the same system, which represents
an important limitation when evaluating their sustainability and comparing them with
other systems.

Despite efforts to quantify emissions accurately, several potential errors and uncer-
tainties must be acknowledged. Methodologically, the reliance on emission factors derived
from various sources introduces uncertainties, as these factors can vary based on local
conditions, species and management practices [243]. Moreover, these authors highlight
that some of these factors are generally not considered (including bubbles released from
sediments, aeration-induced emissions, emissions from dry and drying sediments, and
emissions from effluent and waste). Data limitations, particularly in certain regions or spe-
cific aquaculture practices [164], hindered our ability to provide precise estimates. Future
research should focus on improving data quality and homogenizing estimation techniques
to enhance the reliability of emission assessments in aquaculture [244,245].

The geographical context also influences emission outcomes in aquaculture [42,241].
Local environmental factors, such as temperature, water quality and ecosystem resilience,
play crucial roles in determining emission rates [10,24]. Economic conditions also influence
production practices and thus emissions [164,246], with higher-income regions often in-
vesting in advanced technologies that may mitigate environmental impacts. Social factors,
including regulatory frameworks and community engagement, further shape sustainability
outcomes. Techniques like RASs tend to be more prevalent in developed countries [141],
whereas extensive systems are more common in developing regions due to economic
considerations and resource availability [247,248].

It is widely acknowledged that the systems we have reviewed here are more sustain-
able than traditional intensive systems [186,193]. In our opinion, while RASs, BFT and
extensive systems in general offer significant sustainability benefits, IMTAs represent the
most sustainable option due to their holistic approach and the fact that they apply, by defi-
nition, all GHG emission mitigation strategies. The FAO supports sustainable aquaculture
practices globally and promotes IMTAs as a viable option for improving the environmental
and economic performance of aquaculture operations [249]. However, in addition to the
methodological limitations encountered in estimating the emissions explained above, there
are still limits to the development and expansion of these systems. Polyculture requires
technical knowledge about the cycles of two or more species, which can act as a brake in
the transition from traditional farms towards these systems. They require complex manage-
ment practices and tailored system designs, which can be barriers to their adoption [177].
Moreover, the interactions between different species need to be carefully managed to avoid
unforeseen ecological impacts [250], and the benefits of IMTAs may vary significantly de-
pending on local environmental conditions [178,251]. In Europe, the regulatory framework
for IMTAs has not yet been fully developed or standardized across all member states [177].
However, there are several initiatives and regulations that indirectly support and influence
the development of IMTAs (the EU missions “Restore our Ocean and Waters” or “Green
Deal”, the Atlantic Action Plan, the Blue Growth strategy, the United Nations Sustainable
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Development Goal 12 [3–6,171]). Globally, the regulatory frameworks for IMTAs vary
significantly, with some regions advancing more rapidly than others. For instance, Canada
is one of the leaders in IMTA research and implementation. Their regulatory framework
includes provincial and federal oversight, with agencies supporting IMTA through research
and development programs [252,253]. In other countries, such as the United States, Chile,
China, Japan, South Africa, New Zealand or Australia, the regulatory frameworks are
evolving, with increased emphasis on sustainability and environmental protection, which
supports the adoption of IMTAs [186,254–257].

In conclusion, while there is growing interest and support for IMTAs worldwide,
challenges remain in terms of regulatory harmonization and technical knowledge. De-
veloping specific regulations and guidelines for IMTAs, providing targeted funding and
support and fostering international collaboration can help overcome these challenges and
promote the wider adoption of IMTAs globally. In addition, improving standardization and
transparency in reporting emission data to facilitate more accurate assessments in future
studies is crucial for the development of IMTAs and global low-impact aquaculture. Finally,
it is important to highlight that sustainable systems (RASs, BFT, IMTAs and other extensive
methods) can be combined with one another, contingent on the availability of resources,
for enhanced efficiency. Labeling and/or compliance with organic aquaculture standards
appear to be crucial factors in achieving profitability with these systems.
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Abstract: The cage method for the cultivation of the seaside scallop Mizuhopecten yessoensis is the most
developed and popular method at sea farms in Primorsky Krai (Sea of Japan). However, this method
of mollusk cultivation requires the careful planning of farming activities. Recently, mariculture farms
in different countries have often encountered the mass mortality of cultured hydrobionts. The causes
of such diseases are not quite clear, and often their identification requires a large amount of time and
financial expenditure. Therefore, the use of predictive mechanisms based on biomarkers can help
identify hidden threats in cultured scallop organisms that lead to mass mortality. In this study, we
propose a rapid diagnostic method for predicting the distant mass mortality of M. yessoensis cultured
in cages using biomarkers. The assessment of the pathological state of cultured mollusks at earlier
developmental stages using the DNA comet method and oxidative stress markers (malondialdehyde)
will allow the diagnosis and prediction of significant losses of marketable individuals in marine
farms. In this study, we evaluated different age groups of mollusks cultured in the different water
areas of Peter the Great Bay (Sea of Japan). During the study, we found that the death of cultured
mollusks increased with increasing DNA damage and the active accumulation of malondialdehyde
in tissues. It was observed that in scallops aged 1+ cultured in Severnaya Bay, high levels of DNA
molecule damage and malondialdehyde were registered in the digestive glands and gills, which
subsequently led to the death of almost all marketable individuals aged 3+. Therefore, the work is of
significant value in assisting the aquaculture industry in solving the emerging problems of scallop
farming and preserving marketable products. The proposed markers effectively reflect the condition
of molluscs under extreme conditions caused by various factors, making them highly suitable for
monitoring studies and forecasts on aquaculture farms.

Keywords: aquaculture; DNA damage; malondialdehyde; mass mortality; scallop

1. Introduction

Aquaculture is an important and promising sector of global fisheries, contributing to
the increase in and conservation of biological resources. According to the United Nations
Food and Agriculture Organization (FAO), marine and coastal aquaculture production
approached almost 30 million tons (USD 67.4 billion) in 2016, of which bivalves accounted
for 16.9 million tons (58.8 percent of total production) [1]. In 2018, global aquaculture
production rose to a record 114.5 million tons, amounting to USD 263.6 billion. Total
aquaculture production consisted of 82.1 million tons of aquatic animals (USD 250.1 billion),
32.4 million tons of algae (USD 13.3 billion), and 26,000 tons of ornamental shells and
pearls (USD 179,000). Shellfish, including bivalves, accounted for 17.7 million tons (USD
34.6 billion). The total value of shellfish was USD 34.6 billion [2]. Despite the impact of
the COVID-19 pandemic, global aquaculture produced a record 122.6 million tons in 2020,
including 87.5 million tons of aquatic animals valued at USD 264.8 billion [3]. In 2022, the
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world produced a record 130.9 million tons of aquaculture products, up 6.6 percent from
2020 [4]. Meanwhile, experts have estimated that total fishery and aquaculture production
could rise to 201 million tons by 2030 [2].

Recently, many mariculture farms using the method of cage cultivation have begun to
face the mass mortality of cultivated hydrobionts [5], which is accompanied by significant
financial losses. Mass mortality has been noted in different species of cultured bivalves (e.g.,
oysters, scallops, and mussels), and is often associated with exposure to parasites, rickettsia-
like organisms [6], viruses, bacteria [7,8], and others. There are also other prerequisites
affecting the survival of hydrobionts, such as environmental factors, excessive planting
density, and inbreeding [6]. In addition, we cannot rule out the negative impact on the
condition of cultivated mollusks from the use of various plastic devices, such as cages,
buoys, etc. It is known that a large amount of plastic waste is generated in the running
of mariculture farms due to the degradation of plastic devices in the aggressive marine
environment [9]. When plastic products degrade, various toxic substances can be released
into the water, which in turn can cause various negative changes in the bodies of cultivated
aquatic organisms [10]. In this regard, the further sustainable development of mariculture
farms requires a thorough study of the effects of the industrial cultivation of hydrobionts
on the environment, as well as the continuous assessment of the physiological state of the
cultured hydrobionts, allowing the early detection of pathological changes, which in turn
can lead to the mass death of cultured mollusks [7].

The coastal strip of Primorsky Krai is one of the most promising regions of Russia
for mariculture development due to its good climatic conditions and availability of con-
siderable water areas, especially in the southern part of the region, which is suitable for
hydrobiont cultivation. More than 50 operating mariculture farms are currently engaged in
the cultivation of the most valuable species of mollusks, echinoderms, and algae [11]. In
recent decades, the seaside scallop Mizuhopecten yessoensis (Jay, 1857) has been one of the
traditional cultivated marine bivalves in Primorsky Krai. However, in recent years, some
farms have begun to encounter the mass mortality of mollusks during cultivation.

The aim of this study was to use biomarkers as prognostic signals and compare
them with the mortality of M. yessoensis from different water areas. To achieve this aim,
indicators of the levels of damage to DNA molecules and malondialdehyde in the tissues
of the gills and digestive glands of cultured scallops were determined. This approach is a
promising, modern, diagnostic and prognostic tool for detecting hidden pathological shifts
in any organism [12]. The obtained biomarker indicators were compared with data on the
mortality of scallops from the studied aquafarms.

2. Materials and Methods

2.1. Site of Bivalve Collection and Materials

A comparative study was carried out on scallops grown in seafood farms located
in different waters of Peter the Great Bay (Sea of Japan) in Severnaya Bay (Slavyansky
Bay), and in the waters of Vostochnaya Bay (Rikord Island) (Figure 1). These water areas
have different hydrological regimes, for example, Severnaya Bay is relatively shallow and
characterized by weak water exchange, while the farm in Vostochnaya Bay on Rikord
Island is located in a deeper water area with intense water exchange. The mollusks were
selected in the post-spawning period (November) at ages 1+, 2+, and 3+ from the waters of
Rikord Island, and 1+ and 2+ from Severnaya Bay, since after the summer period a mass
death of mollusks aged 3+ was registered in this water area.

For the study, scallops were removed from their cages and dissected on ice, and
the gills and digestive glands were isolated. The determination of the level of DNA
molecule damage using the comet assay was carried out immediately after tissue extraction
from mollusks in specialized premises located at the coastal base of Severnaya Bay and
Vostochnaya Bay. Residues of tissues intended for the determination of malondialdehyde
were immediately frozen in liquid nitrogen (Dewar vessel SDS-6M (JSC “NPO Geliymash”,
Moscow, Russia)) and transported to the laboratory for further processing.
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Figure 1. The areas of Peter the Great Bay, Sea of Japan, where the scallops Mizuhopecten yessoensis
were collected.

2.2. Determination of the Damage to DNA Molecules

To determine the extent of the damage in the DNA molecules, we used an alkaline
variant of the comet assay [11,13] successfully adapted to marine organisms [14]. For this
purpose, individual cells were isolated using an isotonic solution (500 mM NaCl, 12.5 mM
KCl, 5 mM EDTA-Na2, and 20 mM Tris-HCl; pH 7.4). The working concentration was
105 cells/mL. Then, 50 μL of cell suspension was added to 100 μL of 1% low-melting-point
agarose (MP Biomedicals, Eschwege, Germany) in 0.04 M phosphate buffer (pH 7.4) at
37 ◦C, mixed thoroughly, applied to a slide previously coated with 1% agarose solution for
better adhesion, and covered with a coverslip. The sample was placed in the refrigerator
for 3 min for agarose curing. The coverslip was carefully removed, and the slide was
submerged in a lysis solution (2.5 M NaCl; 0.1 M EDTA-Na (1% Triton X-100 and 10%
DMSO); 0.02 M Tris; pH 10) for 1 h in the dark at 4 ◦C. After washing with cold distilled
water, the slides were placed in electrophoresis buffer (300 mM NaOH and 1 mM EDTA-
Na2) and incubated for 40 min. Electrophoresis was performed at 2 V/cm for 15 min. After
neutralization (0.4 M Tris-HCl; pH 7.4), the slides were stained with SYBR Green I. The
visualization and registration of DNA comets was performed using a scanning fluorescence
microscope (Zeiss, Oberkochen, Germany, AxioImager A1) equipped with an AxioCam
MRc digital camera. For digital image processing, we used the computer program CASP
software v 1.2.2. (CASPLab, Wroclaw, Poland; https://casplab.com, accessed on 24 April
2022), which allows for the calculation of different parameters of comets, indicating the
degree of cellular DNA damage. For each comet, the fraction of DNA in the comet tail
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(DNAt) was calculated. In the scallop groups studied, 15 gel slides (1 slide = 1 individual)
containing at least 50 comets in each were analyzed.

2.3. Determination of Malondialdehyde (MDA) Content

The content of MDA, a product of the oxidative degradation of fatty acids, was
determined in tissues and subcellular fractions by color reaction with 2-thiobarbituric
acid (TBA) [15]. The tissues were homogenized in a homogenizer (SILENTCRUSHER S;
Heidolph Instruments GmbH & Co., Schwabach, Germany) in 0.1 M phosphate buffer
(pH = 7.5). To prevent lipid peroxidation during the determination of MDA, an alcoholic
solution of butylhydroxytoluene (Merck KGaA, Darmstadt, Germany. CAS-no 128-37-0)
was added to the samples to a final concentration of 5 mM. The content of malondialdehyde
was determined by color reaction with 2-thiobarbituric acid (TBA, Merck KGaA, Darmstadt,
Germany. CAS-no 504-17-6).

Then, 30% trichloroacetic acid (AppliChem GmbH, Darmstadt, Germany. CAS-no
76-03-9) and 0.75% TBA solution were added sequentially to the tissue homogenate. The
mixture was thoroughly mixed and heated for 20 min in a water bath (Memmert WNB 7,
Memmert GmbH + Co., Schwabach, Germany) at a temperature of 95 ◦C. After cooling,
sediments were separated from the samples by centrifugation at 3000 rpm for 20 min.
The measurements were carried out at a wavelength of 580 nm and 532 nm; then, the
difference in the readings of the optical density was found. To calculate the MDA content,
the molar extinction coefficient was used: 1.56 × 105/cm/M. The relative content of MDA
was expressed in nmol per g fresh wet weight of the tissue. The measurements were carried
out on a Shimadzu UV-2550 spectrophotometer (Scinteck Instruments LLC, Manassas,
VA, USA).

2.4. Statistics

Statistical processing of the results was performed using the application software
package STATISTICA 6.0 and Microsoft Excel 2016. The results were evaluated for each
experiment by comparing group mean values (p < 0.01 using Mann–Whitney test). Cor-
relation coefficients between MDA and % DNA damage were estimated using Pearson
regression.

3. Results

The results of our study showed that one-year-old (1+) and two-year-old (2+) scallops
sampled from Severnaya Bay had significantly higher DNA molecule degradation in the
gills and digestive glands than those from Vostochnaya Bay (Figure 2).

The level of DNA molecule damage in mollusks cultured in the area of Vostochnaya
Bay in both the gills and digestive glands in all investigated age groups was practically at
the same level and did not exceed 20%. At the same time, no significant differences between
different age groups of mollusks from this water area were revealed. At the same time, in
M. yessoensis from Severnaya Bay, the levels of gill and digestive gland DNA damage also
did not differ significantly among different-aged individuals. Significant differences were
observed in one- and two-year-old individuals of generations from different water areas.
Thus, in the gills and digestive glands of scallops from Severnaya Bay, the level of DNA
molecule damage was almost three times higher than in scallops from Vostochnaya Bay
in both age groups (1+, 2+). The content of MDA in scallop tissue (Figure 3) had a similar
pattern to the level of DNA damage. In M. yessoensis from Severnaya Bay, this index was
significantly higher, almost three times higher in the gills and more than five times higher
in the digestive glands than in scallops from the waters of Vostochnaya Bay (Figure 3).
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Figure 2. Degree of DNA damage in the gills and digestive glands of M. yessoensis cultured in
Severnaya Bay and Vostochnaya Bay (* significant differences between scallops from different water
areas, p = 99%; a, b—marked significant differences between different ages of scallops from the same
water area, p < 0.01. All differences were assessed using the Mann–Whitney test). ’‘ND”—no data.

Figure 3. Levels of MDA in the gills and digestive glands of M. yessoensis cultured in Severnaya Bay
and Vostochnaya Bay (* significant differences between scallops from different water areas, p = 99%;
a, b—marked significant differences between different ages of scallops from the same water area,
p < 0.01. All differences were assessed using the Mann–Whitney test). “ND”—no data.

Thus, in the Severnaya Bay generation, the MDA concentration in the gills was within
2–2.5 nmol/g raw weight, and in the digestive gland was within 5–7 nmol/g. As can be
seen from the results obtained, there were no significant differences between age groups
within one generation in each water area. At the same time, significant differences were
observed between the same-age groups of mollusks from different water areas. Also,
there was a significant positive correlation between the level of MDA in tissues and %
DNA damage in the tissues studied in two different generations of scallops (p < 0.01)
(Vostochnaya Bay—DNA/MDA ratio: gills—R2 = 0.4943; digestive gland—R2 = 0.2504.
Severnaya Bay—DNA/MDA ratio: gills—R2 = 1; digestive gland—R2 = 1) (Figure S1).

4. Discussion

We would like to emphasize in particular that, in scallops cultured in Severnaya Bay,
we recorded a mortality rate of scallops aged 2+ of more than 50%, and a 95% rate at the
age of 3+ years. At the same time, in the mollusks in the farm located in the waters of

56



J. Mar. Sci. Eng. 2024, 12, 1151

Vostochnaya Bay, mass mortality was not observed: mortality was less than 20% in all age
groups (Table S1). Based on the results obtained, we can conclude that the damage to the
DNA molecules of the gills and digestive gland cells of M. yessoensis at values over 40%
(Figure 2), and high levels of MDA (Figure 3) in tissues, are signals of irreversible effects
occurring in the body, resulting in the mass death of hydrobionts. It is known that MDA
is a widely used indicator of the development of oxidative stress, and the content of high
concentrations of MDA in tissues (Figure 3) can itself lead to DNA molecule damage and
mutations [16]. Most likely, during periods of mass mortality, mollusks are in a state of
oxidative stress, which is confirmed by a significant increase in MDA content in the tissues
of mollusks, with DNA molecule damage reaching critical values of almost 50%. Based on
the results (Figures 1 and 2), it can be assumed that the level of damage to DNA molecules
is 40% or higher in the gills and digestive glands of scallops aged 2+ from Severnaya Bay;
moreover, the concentration of MDA in the gills is higher than 6 nmol/g wet weight, and
above 25 nmol/g wet weight in the digestive gland, indicating irreversible processes in the
bodies of scallops that lead to mass death, as evidenced by the lack of data for this species
at the age of 3+.

Various researchers have noted that the peak mortality in scallop farms corresponds
to the late stage of spawning [6,8]. It is believed that the stress associated with spawning is
the main factor of shellfish mortality, due to the weakening of the main protective systems
of the body’s immune, antioxidant, and reparative systems, and it is during this period
that the body is prone to various infections and invasions [6]. As another prerequisite
for the high mortality of hydrobionts, some authors refer to excessive planting density,
which contributes to the development of infectious processes, as well as inbreeding, which
weakens the protective physiological potential of cultured mollusks [5–8]. In addition,
plastic hydraulic devices (e.g., cages, ropes, and buoys), which are widely used in aqua-
culture, can pose a serious risk to cultivated aquatic organisms [9,10]. Plastic is a complex
mixture in which chemical additives are loosely bound and can be washed into the environ-
ment [9,17,18]. Also, in the aquatic environment, especially the marine environment, which
is characterized by highly dynamic physical and hydrochemical factors, the initial processes
of degradation of plastic products occur, accelerating the leaching of toxic chemicals into
the environment [19–21]. In addition to various diseases and chemical pollutants, the
physiological parameters (including mortality) of cultured scallops are directly influenced
by the environmental variables (temperature, salinity, oxygen, etc.) of a particular water
area. Some researchers note that various types of polymers that interact with marine
organisms, as a rule, do not have a noticeable effect on survival, but cause various sublethal
effects at the molecular biochemical level associated with the generation of reactive oxygen
species (ROS) and the development of oxidative stress processes, which in turn, and in
combination with other acting factors, can be prerequisites for the mass mortality of aquatic
organisms [22–24]. Based on the above examples and our results, we can suggest that, in
mariculture farms where there is a high mortality rate, cultivated aquatic organisms are in
a state of oxidative stress, which can be caused by the combined effects of negative factors.
As is known, oxidative stress results in a weakening of the body’s antioxidant, repair, and
immune systems, which in turn entails a cascade of biochemical changes that can lead to
irreversible pathological consequences.

The most important manifestation of the negative impact of environmental factors
on cultivated aquatic organisms at the molecular level is genotoxicity, which manifests as
the accumulation of damage to the DNA molecule. According to the generally accepted
perspective, accumulating damage in the cell genome can trigger a cascade of biochemical
changes leading to cell apoptosis [24–27].

Our results confirm these conclusions, since it is the failure of the DNA molecule
repair system that leads to the accumulation of damage in its structure, and the weakening
of antioxidant protection contributes to the accumulation of lipid peroxidation products
in tissues.
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5. Conclusions

The analysis of the experimental data indicated that mollusks cultured in Severnaya
Bay experienced pronounced oxidative stress, leading to increased MDA content in tissues
and significant DNA damage. We believe that these biomarkers are early and sensitive indi-
cators of the physiological state of cultured mollusks, as well as signals of the development
of pathologies leading to the mass mortality of hydrobionts. Thus, when the level of DNA
molecule damage in scallops aged 1+ is around 40–50%, we can foresee upcoming economic
losses due to the mass mortality of hydrobionts in the next year. Of course, to make such
predictions with confidence, more data on genome damage and MDA levels at different
and earlier age stages of shellfish development must be collected. The results obtained in
this work can be used to undertake new and promising research on predicting sustainability
using biomarkers, not only for mariculture farms, but also for natural ecosystems in marine
areas that are used for the commercial reproduction of hydrobionts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse12071151/s1, Figure S1: Correlation between the level of
DNA damage and MDA concentration in scallop tissues between groups of different ages in each
water area. A—gills, B —- digestive gland; Table S1: Data on mortality of the studied groups of
scallops were provided by employees of aquafarms.
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Abstract: Owing to the constant wind generated by the vast ocean, energy production from offshore
wind farms (OWFs) plays an important role in the expansion of renewable energy. However, areas
close to large wind farms are often left unutilized, and aquaculture farmers find it difficult to efficiently
utilize these unoccupied spaces due to limited information showing the feasibility of utilization of
OWFs as potential scallop culture sites. To analyze whether the two scallop species Zhikong scallop
(Chlamys farreri) and bay scallop (Argopecten irradians) can be grown at OWFs of Gochang and Buan,
Jeollabuk-do, Republic of Korea, the growth characteristics of the two scallop species were analyzed
and compared with those grown at the Tongyeong Megacosm Test Station. The results clearly showed
that the growth of scallops at the OWF was significantly lower with respect to the shell lengths,
height, width, and weight, compared to those grown at the megacosm station. However, scallops
grown at the OWF still showed consistent growth in parallel with those grown at the megacosm
test station. Yet, there was a species-specific mortality rate between the two sites. In addition, our
results suggest that temperature may be a key determinant of the growth of C. farreri and A. irradians.
Overall, this study contributes to establishing a foundation for the stable and continuous farming of
marine bivalves (e.g., clams, oysters, mussels, and scallops) in OWF areas.

Keywords: Zhikong scallop; Chlamys farreri; bay scallop; Argopecten irradians; growth characteristics;
longline aquaculture facility temperature

1. Introduction

Offshore wind farms (OWFs) produce sufficient energy for use as a renewable energy
source; thus, they play a pivotal role in the expansion of renewable energy. In general, OWFs
allow energy producers to secure large farm sites and mass-produce high-density energy
using abiotic factors, including the speed and direction of sea wind [1,2]. In fact, OWFs
produce energy much more efficiently and stably than onshore wind farms [3–5]. However,
the development of OWFs remains challenging, largely because of their incompatibility
with marine ecosystems and social acceptability among local fisheries. In addition, OWFs
built in the marine environment will increase the stress on existing ecosystems that have
previously been used for other purposes, such as for fisheries or shipping, or those that
are yet free of human activity [6,7]. Accordingly, combining OWFs and aquaculture can
be a powerful means of increasing the spatial efficiency of sea usage and supporting the
livelihoods of fishers. Through this innovative approach, the scope of aquaculture activities
can be expanded to enhance the efficiency of spatial utilization in marine environments [8,9].
OWFs will almost certainly gain social acceptance. Over the past few years, there have
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been improvements in the social acceptance of establishing OWFs, as shown in some
European countries, which have generated evidence from trials to develop business models
for aquaculture, tourism, fishing, and leisure. Likewise, studies on offshore aquaculture
systems in the United States have identified the potential of commercial aquaculture
at offshore oil fields [10]. In addition, the co-location of offshore wind power facilities
with fish and shellfish farming off the coast of the United Kingdom since 2012 has been
shown to positively impact the total catches and, subsequently, the socioeconomic status of
fishermen [11]. Overall, OWFs reportedly bring both positive and negative impacts to the
ecosystem; however, with respect to fisheries, OWFs have brought mostly positive impacts,
including supporting fish communities by increasing the nursery area of key species and by
the fish gathering effect to prevent fish movement toward other locations [12–14]. However,
long-term impacts of anthropogenic activities including OWF establishment on the marine
biodiversity still remain largely unknown [15].

The largest OWFs have been built in Gochang and Buan, Jeollabuk-do, Republic of
Korea. This offshore wind power industry convergence facility project in the Southwest Sea
of the Republic of Korea has been anticipated to have positive effects, such as improving
fishing and increasing the income of fishermen, as well as demonstrating that the co-
location of sea farm projects and OWFs is economically feasible [11]. However, limited
biological evidence has shown that OWFs in this region have a positive impact on the
shellfish community.

The Zhikong scallop (Chlamys farreri) is an epifaunal and subtidal filter-feeder species
that is widely distributed across the entire coast of the Republic of Korea, northern China,
and Japan [16]. This particular species is also commercially valuable and mainly inhabits
pebbles and gravel at water depths of up to 10 m [17,18]. Bay scallops (Argopecten irradians)
are distributed along the coastal areas of China, Taiwan, Korea, and Japan, where they
mainly live on sandy and gravel-bottomed floors. It is another commercially important
species [19]. The commercial size of C. farreri and A. irradians is as follows: lengths: 7–10 cm
and weight: 50–110 g, with median growth of 2–3 cm for C. farreri; and lengths: 6–8 cm
and weight: 40–60 g for A. irradians [20]. Recently, scallop farming has become an active
industry worldwide; as larger quantities of scallops are consumed, the production increases
accordingly [21]. In the Republic of Korea, most scallops sold on the market have been
developed using aquaculture technology, to the extent that most scallops, including the
Zhikong and bay scallops, are farm-raised. As such, wind-farm areas create new oppor-
tunities to develop aquaculture for shellfish farming, including scallops. However, the
possibility of shellfish aquaculture, including scallops, has not been studied in OWF areas.

Here, to see whether there are differences in the growth rate of the two scallop species
cultured at the OWF and megacosm station, we investigated and compared the growth
characteristics (e.g., shell length, height, width, total weight, and body weight) of the C.
farreri and A. irradians in the OWF area and Tongyeong Megacosm Test Station. The results
obtained in this study suggest the possibility of scallop farming on OWFs.

2. Materials and Methods

2.1. Sampling of Scallops

C. farreri were purchased from Taegyeong Fisheries (Goseong-gun, Gyeongsangnam-
do, Republic of Korea) in December 2022, and A. irradians were purchased from the
same company in September 2021. The purchased scallops were kept at the Tongyeong
Megacosm Test Station (Korea Institute of Ocean Science and Technology, Tongyeong-si,
Gyeongsangnam-do, South Korea), and a floating shellfish farm was installed in the OWF
area (Gochang-gun and Buan-gun in North Jeolla Province, Republic of Korea) at a depth
of 4 m (Figure 1).
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Figure 1. Map showing (a) the offshore wind farm (Gochang-gun and Buan-gun in North Jeolla
Province, Republic of Korea) and (b) Tongyeong Megacosm Test Station (Korea Institute of Ocean
Science and Technology, Tongyeong-si, Gyeongsangnam-do, Republic of Korea).

2.2. Deployment of the Scallop Lantern Cages in the Longline Aquaculture Facility

On 9 December 2021, 160,000 C. farreri (shell height: 41.63 ± 3.73 mm, total weight
8.80 ± 2.58 g) were transferred into 400 scallop lantern nets and deployed on the longline
aquaculture facility within the OWF area. Further, on September 2021, 90,000 A. irradians
(shell height 40.14 ± 2.65 mm and shell weight 10.34 ± 1.85 g) were transferred into
300 scallop lantern nets and transplanted on the longline aquaculture facility within the
OWF area.

For transplantation, they were transported by vehicle to Gochang-gun, Republic of
Korea, and further transported to the OWF area using two vessels. They were nurtured in
the OWF’s longline aquaculture facility along two 200 m long lines, and the spacing of each
scallop lantern net was maintained at 100 cm. Four hundred 10-section scallop lantern nets
with a diameter of 40 cm were used, with 40 shellfish per section. For proper immersion,
3 kg weights were attached to the bottoms of the scallop lantern nets (Figure 2).

2.3. Sampling and Measurement

The growth characteristics of the C. farreri and A. irradians were studied from December
2021 to August 2022 and from September to November 2021, respectively. Comparative
studies were conducted simultaneously with more than 30 individuals once a month at
the Tongyeong Megacosm Test Station and OWF area. The monthly growth of scallops
was surveyed by measuring the shell length (mm), height (mm), width (mm), total weight
(g), and body weight (g) for each species. We used a Vernier caliper (Mitutoyo, Absolute
Digimatic Caliper 500–153-30, Kawasaki, Japan) to measure the lengths and a weighing
scale (AND, FX-3000, Seoul, South Korea) to measure the weight of the samples. During
the experimental period, cumulative mortality was measured by counting the number of
dead scallops (Table 1).
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Figure 2. Deployment of the scallop lantern cages at (a) offshore wind farm and (b) Tongyeong
Megacosm Test Station.

2.4. Temperature Variation of the Study Site

Surface seawater temperature data (from September 2021 to August 2022) were ob-
tained from offshore buoys installed in Tongyeong Yeonhwa-do (34.6672 N, 128.3847 E) and
Buan Wi-do (35.6584 N, 126.2610 E), which are adjacent to Tongyeong Megacosm Test Sta-
tion and the OWF area (data provided by the Real-time Information System for Aquaculture
environment from National Institute of Fisheries Science, South Korea) (Figure 3).

2.5. Statistical Analysis

The collected data were analyzed using one-way ANOVA followed by Scheffé’s post
hoc test to evaluate the effect of months in the same region. The cut-off for statistical
significance was set at p < 0.05. An independent-sample t-test was performed to evaluate
the differences in the growth characteristics of the two scallops in the two different regions
for each month. Levene’s test was used to assess the normal distribution and homogeneity
of variance among the samples. Values are expressed as the mean ± standard deviation
(SD). All data were analyzed using SPSS (version 27.0; IBM, Armonk, NY, USA).
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Table 1. Cumulative mortality of the two scallops at the two different culture sites during the
experimental period.

Chalamys farreri

Offshore Wind Farm Tongyeong Megacosm Test Station

Month
Total

Individuals
# of

Dead
Mortality

(%)
Total

Individuals
# of

Dead
Mortality

(%)

12 33 0 0 33 0 0

2 35 0 0 35 0 0

3 35 0 0 41 3 7.32

4 32 0 0 37 1 2.7

5 40 1 2.5 42 13 30.95

6 40 1 2.5 35 10 28.57

7 35 0 0 35 11 31.43

8 40 0 0 48 17 35.42

Cumulative 290 2 0.69 306 55 17.97

Argopecten irradians

Offshore Wind Farm Tongyeong Megacosm Test Station

Month
Total

individuals
# of

dead
Mortality

(%)
Total

individuals
# of

dead
Mortality

(%)

9 28 0 28 0 0

10 59 23 38.98 32 1 3.13

11 40 11 27.5 30 1 3.33

Cumulative 127 34 26.77 90 2 2.22

Figure 3. Monthly change in surface seawater temperatures at the sampling sites from September
2021 to August 2022.

3. Results and Discussion

In scallop aquaculture in general, scallops undergo an intermediate rearing process to
reduce the costs arising from size selection of juvenile scallops and the consequent labor
burden [22,23]. Early juvenile scallops typically range from 2 to 3 mm in size, which makes
it difficult to accommodate them in the scallop lantern net; further, they lack resistance

64



J. Mar. Sci. Eng. 2023, 11, 1988

to changes in the environment (e.g., water temperature, buoyancy, dissolved oxygen).
Therefore, it is essential to use scallops that have undergone an intermediate rearing
process to produce healthy scallops and improve their survival rate. In addition, they must
be at least 2–3 cm for controlled air exposure and long-distance transportation [20].

The comparative mortality analysis between the two scallop species showed species-
specific mortality (Table 1). For C. farreri, a higher mortality was observed for those grown
at Tonhyeong Megacosm Station (17.97%) compared to those grown at the OWF (0.69%)
during December~August. For A. irradians cultured during September~November, a higher
mortality was observed in those cultured at the OWF (26.77%) compared to the Tongyeong
Megacosm Test Station (2.22%). Due to the short time frame and differences in sampling
period, it is challenging and difficult to conclude that one species performs better than the
other at a specific culture location, yet it could be suggested that a species-specific tolerance
and optimum temperature range could contribute to the survival of the two scallops.

Previous studies have suggested that mortality and growth rates depend on differences
in water depth, density, and temperature [24]. For example, increased mortality and poor
growth rates in some scallops were observed as the water depth increased [25,26], whereas
in other scallop species, such as Plactopecten magellanicus, the growth rate increased along
with water depth [27]. In addition, scallops in longline aquaculture reportedly have the
best growth rate at a water depth of 4 m [28]. Therefore, we investigated the growth rates
of scallops that underwent an intermediate rearing process in the floating shellfish farm
installed in the OWF area and the Tongyeong Megacosm Test Station at a depth of 4 m each.

In this study, the growth of C. farreri raised from a longline culture facility in the
OWF area was compared with those raised at the Tongyeong Megacosm Test Station from
December 2021 to August 2022 (Figure 4). Based on the specific growth rate (SGR) equation
derived from the shell length and wet weight, C. farreri showed an SGRl of 1.46 and SGRw
of 1.19 at the OWF over the 9 month period [29].

SGR = ln ((Lf) − ln (Li))/t × 100 and SGRw = ln ((lnWf) − ln (Wi))/t × 100, where:

Lf = final average shell length;
Wf = wet weight at the end of the experiment;
Li = initial average shell length;
Wi = wet weight at the beginning of the experiment;
ln = natural logarithm;
t = number of days of the experimental time.

Specifically, from December 2021 to August 2022, the shell length of C. farreri cul-
tured in the longline culture facility at the OWF area increased from 36.21 ± 3.38 mm to
55.24 ± 4.60 mm, the shell height increased from 41.63 ± 3.73 mm to 59.66 ± 5.58 mm, the
shell width increased from 11.93 ± 1.69 mm to 20.06 ± 1.81 mm, the total weight increased
from 8.80 ± 2.58 g to 26.99 ± 5.20 g, and the body weight increased from 4.26 ± 1.35 g to
12.34 ± 2.80 g. Overall, C. farreri cultivated in the OWF area exhibited a 1.4-times-greater
shell height and 4.4-times-higher total weight, after eight months (December 2021~Au-
gust 2022) of cultivation. Comparatively, those Zhikong scallops (C. farreri) reared at the
Tongyeong Megacosm Test Station during the same period showed an SGRl and SGW of
1.51 and 1.35 over the same period of those cultured at the OWF, respectively. Specifically, C.
farreri showed an increase in the shell length from 36.21 ± 3.38 mm to 63.05 ± 5.10 mm, the
shell height increased from 41.63 ± 3.73 mm to 66.45 ± 5.12 mm, the shell width increased
from 11.93 ± 1.69 mm to 22.49 ± 2.55 mm, the total weight increased from 8.80 ± 2.58 g
to 40.75 ± 9. 35 g, and the body weight increased from 4.26 ± 1.35 g to 15.26 ± 3.45 g.
Eight months of experimentation at the Tongyeong Megacosm Test Station indicated that
the growth determinants of C. farreri increased 1.6- and 4.6-fold for shell height and total
weight, respectively. Overall, the growth rate of C. farreri reared at the OWF area and
Tongyeong Megacosm Test Station showed that the shell height was approximately 10 mm
and the total weight was approximately 17 g higher at the Tongyeong Megacosm Test
Station compared to those reared in the OWF area.

65



J. Mar. Sci. Eng. 2023, 11, 1988

 
Figure 4. Bar plots depicting the comparisons of changes in size (shell length, height, width, total
weight, and body weight) of Chlamys farreri from month to month. The letters indicate a significant
difference for different months in the same region (p < 0.05). The symbol “*” indicates significant
differences by region in the same month (p < 0.05). All values represent mean ± standard devia-
tion (SD).

Generally, the water temperature for the growth of C. farreri ranges between 15 and
22 ◦C (optimal water temperature: 20 ◦C), with a maximum water temperature of 29 ◦C
and minimum water temperature of 0 ◦C [20]. Indeed, the growth, maturation, survival,
distribution and feeding, energy utilization, and metabolic activities of shellfish are known
to be greatly influenced by the surrounding water temperatures [30,31]. For example, in
commercial scallop Pecten fumatus (Reeve), the growth rate and survival of larvae signifi-
cantly decrease in response to increasing temperature [32]. In the sea scallop Placopecten
magellanicus, survival significantly increases in response to high temperatures [22,23]. Our
experiments at the two different culture sites showed interesting results. In the OWF
area, C. farreri showed a slower growth rate from December to May, but the growth rate
slowly increased from June and continued significantly through August. In contrast, at
the Tongyeong Megacosm Test Station, the growth rate of C. farreri was faster than that in
the OWF area during the same months, with no significant growth changes from May to
August. As previously mentioned, the growth rate is partially influenced by temperature.
At the time of the growth experiment, the water temperature at the OWF area steadily
decreased from December to March by up to 5 ◦C, and then gradually increased from June
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to August, reaching approximately the same temperature as the water temperature at the
Tongyeong Megacosm Test Station (Figure 3).

Recently, scallop production has declined sharply due to widespread mass mortality
during the summer [33,34]. Here, no mass mortality was observed in 2022, since the water
temperature did not exceed 26 ◦C at the most; however, in the year 2021, a high-temperature
period (>28 ◦C) resulted in the mass mortality of experimental scallops. Therefore, it was
evident that the water temperature plays a crucial role in determining the growth and
health of the scallops. However, the two locations naturally have different temperature
ranges (i.e., the OWF area is in the west and typically has a lower temperature than the
Tongyeong Macromosm station situated in the warm southern part of the Republic of
Korea). Although the growth rate was not higher than that at the Tongyeong Megacosm
Test Station, the results clearly show the possibility of utilizing the OWF area to cultivate
C. farreri.

Generally, the optimum water temperature for the growth of A. irradians is 18–28 ◦C
(optimal water temperature is 23 ◦C). The upper limit of the water temperature is 31 ◦C and
the lower limit is 1 ◦C, with a growth pause below 5 ◦C. A. irradians take less than 10 months
to grow into harvestable products of 5–7 cm in height. Their lifespan is approximately
12–16 months and does not exceed 24 months [20].

A. irradians was analyzed for growth differences at two sites (Tongyeong Megacosm
Test Station and the longline culture facility in the OWF area) from September to November
2021 (Figure 5). Overall, A. irradians showed an SGRl and SGRw of 4.08 and 2.90, respec-
tively, at the OWF over the 3 month period. Data collected from September to November
2021 at the longline culture facility within the OWF area showed increases in the shell
length of the bay scallops from 34.20 ± 4.68 mm to 42.89 ± 4.90 mm, the height increased
from 32.56 ± 4.49 mm to 41. 09 ± 4.84 mm, the width increased from 12.90 ± 1.78 mm
to 18.18 ± 2.37 mm, the total weight increased from 6.61 ± 2.14 g to 15.51 ± 4.79 g, and
the body weight increased from 2.86 ± 1.02 g to 7.00 ± 2.27 g. Three months of exper-
imentation at the longline culture facility within the OWF area during the same period
indicated that the growth determinants of the bay scallops increased 1.3- and 2.4-fold for
shell length and total weight, respectively. Comparatively, those bay scallops reared at the
Tongyeong Megacosm Test Station during the same period showed an SGRl and SGRw of
4.37 and 3.52. Specifically, they showed an increased shell length from 34.20 ± 4.68 mm
to 54.39 ± 5.98 mm, the height increased from 32.56 ± 4.49 mm to 49.75 ± 5.42 mm, the
width increased from 12.90 ± 1.78 mm to 22.63 ± 3.16 mm, the total weight increased
from 6.61 ± 2.14 g to 25.65 ± 6.95 g, and the body weight increased from 2.86 ± 1.02 g to
10.21 ± 2.90 g. Three months of experimentation at the Tongyeong Megacosm Test Station
indicated that the growth determinants of bay scallops increased 1.5- and 3.9-fold for shell
height and total weight, respectively. Overall, the growth rate of bay scallops reared at
the OWF area and the Tongyeong Megacosm Test Station showed a shell height of about
0.9 cm, with a total weight that was about 10 g higher at the Tongyeong Megacosm Test
Station compared to those reared at the OWF area. Based on the preliminary experiment,
the growth rates of C. farreri and A. irradians were higher at the Tongyeong Megacosm Test
Station compared to the OWF area. The growth rate of C. farreri was found to be highest in
summer (July to August) in the OWF area, whereas the growth rate was lowest during the
same period at the Tongyeong Megacosm Test Station. Based on this short-term experiment
of 8 months, we could see that temperature is indeed one of the key factors affecting the
growth of C. farreri. Despite the limitation of this being a short-term experiment, the results
clearly suggest the possible utilization of OWF areas as potential scallop culture locations.

In conclusion, based on the results obtained from 2021 and 2022, scallop farming
in OWF areas is feasible. The culture of scallops in wind farm areas is not profitable
but it can produce some protein that can supply protein to local and national markets
and also may lead to an increase in the biodiversity of the marine ecosystem. However,
more information on aquaculture should be obtained in parallel with the monitoring of
environmental conditions. Regardless, this could be a step forward toward utilizing OWF
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areas for aquaculture in countries with limited fishing areas. Additionally, owing to poor
accessibility and environmental conditions compared to the coast, further development
of the facilities and management are required to establish stable aquaculture conditions
for OWFs.

Figure 5. Bar plots depicting the comparisons of changes in size (shell length, height, width, total
weight, and body weight) of Argopecten irradians from month to month. The letters indicate a
significant difference for different months in the same region (p < 0.05). The symbol “*” indicates
significant differences by region in the same month (p < 0.05). All values represent mean ± standard
deviation (SD).
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26. Yiğitkurt, S. Growth and survival performance of smooth scallop (Flexopecten glaber Linnaeus, 1758) at different depths in the
Aegean Sea. Mar. Sci. Technol. Bull. 2021, 10, 278–285. [CrossRef]

27. Claereboudt, M.R.; Burreau, D.; Coté, J.; Himmelman, J.H. Fouling development and its effect on the growth of juveniles giant
scallop (Placopecten magallanicus) in suspended culture. Aquaculture 1994, 121, 324–342. [CrossRef]

28. Sun, J.; Lin, C.; Li, P.; Jin, Y.; Zhou, L. The culture experiment of Scallop of Chlamys farreri in Nanji Islands. J. Zhejiang Coll. Fish.
1997, 16, 247–255.

29. Prato, E.; Biandolino, F.; Parlapiano, I.; Papa, L.; Denti, G.; Fanelli, G. Estimation of growth of parameters of the Black Scallop
Mimachlamys Varia in the Gulf of Taranto (Ionian Sea, Southern Italy). Water 2020, 12, 3342. [CrossRef]

30. Mills, D. Combined effects of temperature and algal concentration on survival, growth and feeding physiology of Pinctata maxima
(Jameson) spat. J. Shellfish Res. 2000, 19, 159–166.

31. Nan, X.; Wei, H.; Zhang, H.; Nie, H. Factors influencing the interannual variation in biomass of bottom-cultured Yesso scallop
(Patinopecten yessoensis) in the Changhai Sea Area, China. Front. Mar. Sci. 2022, 8, 798359. [CrossRef]

32. Heasman, M.P.; O’Connor, W.A.; Frazer, A.W.J. Ontogenetic changes in optimal rearing temperatures for the commercial scallop,
Pecten fumatus Reeve. J. Shellfish Res. 1996, 15, 627–634.

33. Xiao, J.; Ford, S.E.; Yang, H.S.; Zhang, G.F.; Zhang, F.S.; Guo, X.M. Studies on mass summer mortality of cultured Zhikong
scallops (Chlamys farreri Jones et Preston) in China. Aquaculture 2005, 250, 602–615. [CrossRef]

34. Han, J.C.; Jo, Q.; Park, Y.C.; Park, T.G.; Lee, D.C.; Cho, K.C. A report on the mass summer mortalities of the farmed Pacific oysters,
Crassostrea gigas and Bay scallops Argopecten irradians in the local waters of Goseong Bay, Korea. Korean J. Malacol. 2013, 29,
239–244. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

70



Citation: Basto, A.; Peixoto, D.;

Machado, M.; Costas, B.; Murta, D.;

Valente, L.M.P. Physiological

Response of European Sea Bass

(Dicentrarchus labrax) Juveniles to an

Acute Stress Challenge: The Impact of

Partial and Total Dietary Fishmeal

Replacement by an Insect Meal. J. Mar.

Sci. Eng. 2024, 12, 815. https://

doi.org/10.3390/jmse12050815

Academic Editors:

Dariusz Kucharczyk and

Alberta Mandich

Received: 23 March 2024

Revised: 23 April 2024

Accepted: 11 May 2024

Published: 14 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Physiological Response of European Sea Bass (Dicentrarchus
labrax) Juveniles to an Acute Stress Challenge: The Impact
of Partial and Total Dietary Fishmeal Replacement by an
Insect Meal

Ana Basto 1,*, Diogo Peixoto 1,2, Marina Machado 1, Benjamin Costas 1,2, Daniel Murta 3,4 and Luisa M. P. Valente 1,2

1 CIIMAR/CIMAR-LA, Centro Interdisciplinar de Investigação Marinha e Ambiental, Universidade do Porto,
4450-208 Matosinhos, Portugal; bcostas@ciimar.up.pt

2 ICBAS, Instituto de Ciências Biomédicas Abel Salazar, Universidade do Porto, 4050-313 Porto, Portugal
3 Thunder Foods Lda., Ingredient Odisssey S.A., Rua Comendador José Júlio Eloy, Lote 7-A,

2005-332 Santarém, Portugal
4 Centro de Investigação Interdisciplinar Egas Moniz (CiiEM), Escola Superior de Saúde Egas Moniz,

2829-511 Monte de Caparica, Portugal
* Correspondence: ana.basto@ciimar.up.pt

Abstract: This study aimed to explore the effect of FM substitution by defatted Tenebrio molitor larvae
meal (dTM) on the response of European seabass to an acute stress challenge. An FM-based diet
was used as a control and two other isoproteic/isoenergetic diets were formulated to replace 50 and
100% of FM by dTM. Each diet was tested in quadruplicate groups of 15 fish (69 ± 5 g) fed until
visual satiety for 16 weeks. After the feeding trial, fish were subjected to 1 min air exposure followed
by 1 h of recovery before sampling. The haematological profile, plasma metabolites, and humoral
immunity biomarkers, as well as hepatic oxidative stress and antioxidant capacity, were analysed. A
clear response to acute stress was observed by a significant increase in haemoglobin, haematocrit,
red blood cells, and almost all evaluated plasma metabolites and humoral parameters, regardless of
dietary treatment. The obtained results demonstrated that partial substitution of FM by IM did not
affect the stress response of seabass. However, total FM replacement increased the hepatic activity of
total peroxidase and superoxide dismutase in fish fed TM100.

Keywords: aquaculture; aquafeed; sustainable protein sources; Tenebrio molitor

1. Introduction

In 2020, more than half (i.e., 56%; 88 million tonnes) of the aquatic food available for
human consumption came from aquaculture production, and this share is forecasted to
increase by 22%, reaching 106 million tonnes by 2030 [1]. The expansion of the aquaculture
sector necessarily implies an increase in aquafeed production, and consequently in raw
materials availability. The use of fishmeal (FM) and fish oil (FO) from fish by-products (i.e.,
heads, viscera, skin, bones, and scales) has increased over the last years, but the production
of these commodities (particularly FM) is still highly dependent on the processing of whole
small pelagic fish species obtained from fisheries [2]. Thus, to guarantee the responsiveness
and sustainability of the aquaculture industry over the upcoming years, it is imperative to
diminish its dependence on FM and FO obtained from wild fish and promote the strategic
use of these ingredients [1]. Over the past few years, the use of vegetable proteins, terrestrial
processed animal proteins (PAPs), and more recently, single cell proteins as alternatives
to FM has been explored extensively [3]. However, as outlined in the latest research by
Glencross et al. [4], each ingredient has its own set of strengths and weaknesses, and there
is not a single ingredient that can be considered perfect.

Using insects as a source of nutrients is not a novel concept, as the consumption of
edible insects has been a longstanding tradition in Latin America, Africa, and Asia. [5].
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However, in Europe, the interest in insect protein has increased since the inclusion of this
ingredient in aquafeed was authorized by the European Union (EU) in 2017 [6]. According
to Cottrell et al. [7], insect protein stands out as the most promising alternative to fishmeal
when compared to other emerging protein sources like micro- and macroalgae, bacteria,
and yeast. Indeed, insect meal (IM), predominantly derived from Hermetia illucens (HI)
and Tenebrio molitor (TM) larvae, has demonstrated an enormous potential as an alternative
protein source to partially and totally replace FM in diets for both freshwater and marine
fish species, including European seabass (Dicentrarchus labrax), a key fish species in Mediter-
ranean aquaculture [8]. Despite this, the majority of studies have primarily focused on fish
growth, nutrient digestibility, intestinal health, and the final quality of fish intended for
human consumption, overlooking the effect of the dietary inclusion of IM on fish response
to stress, which in the long term may result in adverse effects on animal health and overall
performance [9].

In the past few years, the expansion of aquaculture production has led to the emergence
of certain practices (e.g., fish overcrowding, grading, transport, etc.) that induce stress
in fish [10,11]. Stress response can be categorized into primary, secondary, or tertiary.
The primary response is initiated by the activation of endocrine pathways, triggered
by the central nervous system’s recognition of the stressor, resulting in the release of
catecholamines and cortisol. The secondary response is orchestrated by the hormones
responsible for the primary response. This involves cardiovascular and respiratory changes
(e.g., increased distribution of oxygen and release of energy substrates into circulation, such
as glucose and lactate), as well as hydromineral dysfunction (e.g., adrenaline modifies gills’
blood flow and permeability patterns). In addition, this second stage of the stress response
is marked by cortisol-mediated immunosuppression. Finally, the tertiary response is an
outcome of the incapacity of the animal to achieve homeostasis, resulting in suppressed
immunity, metabolic dysfunctions, and impaired growth performance [12]. Moreover,
stress may disturb the balance between reactive oxygen species (ROS) produced and the
antioxidant scavenging ability of tissues, resulting in increased ROS levels and ultimately
leading to oxidative damage. To counteract the harmful effects of ROS, the organism
initiates the activation of antioxidant enzymes [13]. Nutrition plays a crucial role as a major
modulator of oxidative stress. The consumption of a well-balanced diet containing antioxidant
compounds can fortify the animal’s redox status, contribute to allostasis, and improve flesh
quality. For instance, Zarantoniello et al. [14] recently demonstrated that replacing 3 and
20% FM by full-fat spirulina-enriched black soldier fly (H. illucens) prepupae meal resulted in
decreased lipid peroxidation of European seabass flesh. On the other hand, oxidative stress
can also be triggered by feed ingredients, either through the presence of anti-nutritional factors,
amino acid deficiencies, or even an excess of macronutrients [9]. Thus, to better understand the
feasibility of using a novel ingredient in aquafeeds, such as IM, it is of paramount importance
to assess its effects beyond growth. Specifically, evaluating its impact on immune function
and the oxidative stress response becomes imperative.

In this context, the main aim of this study was to investigate, for the first time, the
effects of partially and fully replacing fishmeal with defatted (d-) Tenebrio molitor (TM) on
humoral immunity and hepatic oxidative stress in juvenile European seabass following
exposure to an acute stress challenge, reflecting common handling procedures in fish farms.

2. Materials and Methods

2.1. Ingredients and Experimental Diets

Three diets were formulated and extruded by SPAROS Lda. (Olhão, Portugal) ac-
cording to European seabass nutritional requirements [15]. A control diet (CTRL) was
formulated to include 40% of high-quality FM and 14% FO, and two other experimental
diets were obtained by replacing 50% (TM50) and 100% (TM100) of FM by dTM. All ex-
perimental diets were isoproteic, isolipidic, and isoenergetic (47% protein, 20% lipids, and
24 kJ g−1 on a dry matter (DM) basis, respectively) and supplemented with DL-methionine.
The TM100 diet was also supplemented with L-lysine, L-threonine, and L-tryptophan.
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Monocalcium phosphate was added to dTM diets. Feed ingredients and proximate compo-
sition of the dTM and experimental diets are presented in Table 1. Experimental diets are
the same in this and our previous studies [16–18].

Table 1. Ingredients and proximate composition of defatted Tenebrio molitor larvae meal and the
experimental diets.

dTM CTRL TM50 TM100

Ingredients (%)
Fishmeal 1 40 20 -

Defatted Tenebrio molitor larvae meal - 20.5 40.4
Soy protein concentrate 2 10.5 10.5 10.5

Soybean meal 3 13 13 13
Rapeseed meal 4 5 5 5

Wheat meal 5 16.2 15.2 14.3
Fish oil 6 14.0 13.3 12.5

Vitamin and mineral premix 7 1 1 1
Vitamin C 0.1 0.1 0.1
Vitamin E 0.1 0.1 0.1

Monocalcium phosphate - 1.0 2.0
L-Lysine - - 0.2

L-Threonine - - 0.2
L-Tryptophan - - 0.1

DL-Methionine 0.1 0.2 0.3
Proximate composition (% dry matter (DM) or kJ/kg DM)

Dry matter 97.8 93.1 92.6 92.5
Crude protein 71.0 46.9 47.3 47.2

Crude fat 12.1 19.7 19.8 19.0
Gross energy 24.3 23.2 23.5 24.0

Ash 4.8 10.2 8.1 6.3
Phosphorus 0.8 1.2 1.2 1.0

The abbreviations for the experimental diets stand for: CTRL, control diet; TM50 and TM100, diets with 50 and
100% of the fishmeal protein replaced by defatted Tenebrio molitor larvae meal. 1 Peruvian fishmeal super prime:
71% crude protein (CP), 11% crude fat (CF), Exalmar, Peru; 2 soy protein concentrate: 65% CP, 0.7% CF, ADM
Animal Nutrition, The Netherlands; 3 soybean meal 48: dehulled solvent extracted soybean meal: 48% CP, 2%
CF, Cargill, Spain; 4 rapeseed meal: 36% CP, 3% CF, PREMIX Lda., Portugal; 5 wheat meal: 10% CP, 1% CF, Casa
Lanchinha, Portugal; 6 sardine oil, Sopropêche, France; 7 vitamin and mineral premix: WISIUM, ADM Portugal
S.A., Portugal.

2.2. Ethical Issues

The fish trial and all procedures involving animals were approved by the CIIMAR
ethical committee for Managing Animal Welfare (ORBEA), in compliance with Directive
2010/63/EU from the European Union and the Portuguese Decree-Law n◦ 113/2013 on
“The protection of animals used for scientific purposes”. Sampling procedures were per-
formed by accredited scientists in laboratory animal science from the Portuguese Veterinary
Authority (1005/92, DGAV-Portugal, following FELASA category C recommendations).

2.3. Acute Stress Challenge and Fish Sampling

Before the acute stress challenge, a growth trial was carried out for 16 weeks as
described by Basto et al. [16]. Briefly, juveniles of European seabass were obtained from
a commercial fish farm (Acuinuga—Acuicultura y Nutrición de Galicia S. L., Spain) and
transported to the experimental facilities of CIIMAR (Portugal). After a quarantine period
of 3 weeks, 12 homogeneous groups of 15 fish (69 ± 8 g) were randomly allocated to 160 L
tanks of a recirculation aquaculture system (RAS) and kept at 22 ± 1 ◦C, 35 ± 0.5 salinity,
6 L min−1, oxygen level > 90% ± 1 saturation, and an artificial 12 light/12 dark photoperiod.
Water quality parameters were monitored daily as described by Basto et al. [16]. Fish
were fed by automatic feeders three times a day. Each experimental diet was tested in
quadruplicate for 16 weeks. After the feeding trial, and following a 48 h fasting period,
3 fish per tank (n = 12 fish) were anesthetized (ethylene glycol phenyl ether, 300 μL L−1)
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and sampled for evaluation of innate immune status. Blood was withdrawn from the
caudal vein using heparinized syringes and centrifuged (5000× g for 5 min at 4 ◦C), and
the resulting supernatant plasma was kept at −80 ◦C until the metabolites and innate
immunity-related parameters analysis. Then, fish were euthanized by spinal cord section,
and a portion of the liver (≈150 g) was collected, instantly frozen in dry ice, and kept at
−80 ◦C until the analysis of the activity of oxidative stress-related enzymes. To evaluate the
outcome of IM dietary incorporation on oxidative stress, antioxidant capacity, and immune
response to stress, other 3 fish per tank (12 fish per dietary treatment) were subjected to
an acute stress challenge, consisting of 1 min of air exposure. After 1 h of recovery, the
blood, plasma, and liver were sampled as previously described. All fish were individually
weighted at the beginning and at the end of the experimental trial to calculate growth
performance.

2.4. Haematological Parameters

The haematocrit (Ht), haemoglobin (Hb; kit ref. 1001230, Spinreact, Barcelona, Spain),
and total red and white blood cell (RBC and WBC, respectively) counts were determined
according to Machado et al. [19]. The mean corpuscular volume (MCV), mean corpuscular
haemoglobin (MCH), and mean corpuscular haemoglobin concentration (MCHC) were then
calculated as follows: MCV (μm3) = (Ht/RBC) × 10; MCH (pg cell−1) = (Hb/RBC) × 10;
MCHC (g 100 mL−1) = (Hb/Ht) × 100.

2.5. Plasma Metabolites and Innate Immunity-Related Parameters

Cortisol levels were measured using an ELISA kit (ref. RE52061, IBL International
Gmbh, Hamburg, Germany) following the manufacturer’s instructions and according to
Azeredo, et al. [20]. Lactate and glucose were enzymatically determined using commercial
kits (ref. 1,001,330 and 41,011, respectively, Spinreact, Barcelona, Spain) adapted to the
microplate format. Lysozyme activity was determined according to Hutchinson and
Manning [21]. Total peroxidase activity was assessed following the method described by
Quade and Roth [22]. Alternative complement pathway activity (ACH50) was determined
based on the lysis of rabbit blood cells according to Sunyer and Tort [23].

2.6. Hepatic Oxidative Stress and Antioxidant Capacity

Liver samples intended for the determination of lipid peroxidation (LPO) and antioxi-
dant enzyme analysis were homogenized with phosphate buffer (0.1 M, pH 7.4) at a ratio
of 1:10 (w/v), as described by Resende et al. [24]. Before enzymatic activity assessment,
the hepatic soluble protein content was determined using a commercial kit (ref. 23,225,
Thermo Fisher Scientific Inc., Pleasanton, CA, USA) for standardizing enzyme activity
measurements. The activity of catalase (CAT), glutathione s-transferase (GST), glutathione
peroxidase (GPx), and glutathione reductase (GR) was determined according to Pereira
et al. [25]. Superoxide dismutase (SOD) activity and total antioxidant capacity (TAC) were
determined using commercial kits (ref. 19,160 and MAK187, respectively, Sigma-Aldrich,
St. Louis, MO, USA). All measurements were performed in triplicate in a Synergy HTX
Multi-Mode Microplate Reader (BioTek Instruments Inc., San Diego, CA, USA).

2.7. Statistical Analysis

Data were tested for normality and homogeneity of variances by Kolmogorov–Smirnov
and Levene’s tests, respectively, and transformed whenever necessary. Differences were tested
by a two-way ANOVA, with stress (stressed and non-stressed) and dietary treatment (CTRL,
TM50, and TM100) as the main factors. A significance level of 95% (p < 0.05) was considered
followed by a post hoc Tukey HSD test to identify significant differences amongst groups using
StatisticaTM 13.5.0.17 (TIBCO Software Inc., Palo Alto, CA, USA). To discriminate and classify
the existing groups, a multivariate canonical discriminant analysis (DA) was performed on
the dataset to evaluate linear combinations of the original variables that would best separate
the groups (discriminant functions) using Addinsoft XLSTAT 2022 system software. Each
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discriminant function explains part of the total variance of the dataset and is loaded by
variables contributing the most to that variation. Discriminatory effectiveness was assessed by
Wilk’s λ test, the distance between group centroids was measured by squared Mahalanobis
distance, and Fisher’s F statistic was applied to infer significance.

3. Results

3.1. Growth Performance

Before and after the acute stress challenge, no mortality was observed, and European
seabass fed diets with partial and total FM replacement by dTM showed similar final body
weight after 16 weeks of feeding (Figure 1). Therefore, the experimental diets ensured
100% survival and proper zootechnical performance, and no behavioural alterations were
observed in the fish throughout the feeding experiment. Detailed results on the impact of
these dietary formulations on fish growth performance are presented in Basto et al. [16].

 
Figure 1. Final body weight (g) of European seabass fed the experimental diets for 16 weeks. The
abbreviations are IBW—initial body weight and FBW—final body weight.

3.2. Haematological Profile

Partial and total FM replacement by dTM did not significantly affect haemoglobin,
haematocrit, red and white blood cells, mean corpuscular volume, mean corpuscular
haemoglobin, or mean corpuscular haemoglobin concentration (Figure 2). On the other
hand, haemoglobin, haematocrit, red blood cells, and mean corpuscular haemoglobin con-
centration significantly increased after the acute stress challenge, while mean corpuscular
volume and mean corpuscular haemoglobin decreased, regardless of the dietary treatment
(Figure 2).

3.3. Plasma Metabolites and Innate Immunity-Related Parameters

After the acute stress challenge, and irrespective of the dietary treatment, European
seabass exhibited a significant increase in plasma cortisol, glucose, and lactate levels,
coupled with a significant increase in lysozyme activity and ACH50 (Figure 3). On the
other hand, the levels of peroxidase in the plasma of fish fed TM100 were significantly
higher than those observed in fish fed CTRL, regardless of stress condition (Figure 3).
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Figure 2. Haematological profile of European seabass fed the experimental diets for 16 weeks and
subsequently subjected to an acute stress challenge. Bars represent mean ± standard deviation and
the asterisk (*) indicates significant differences (p < 0.05) before and after the acute stress challenge,
irrespective of dietary treatment.
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Figure 3. Plasma metabolites and innate immunity-related parameters of European seabass fed
the experimental diets for 16 weeks and subsequently subjected to an acute stress challenge. Bars
represent mean ± standard deviation. The asterisk (*) indicates significant differences (p < 0.05)
before and after the acute stress challenge, irrespective of dietary treatment, and different lowercase
letters indicate significant differences (p < 0.05), irrespective of stress condition.

3.4. Hepatic Oxidative Stress and Antioxidant Capacity

The activity of SOD in the liver of fish fed TM100 was significantly higher than those
fed CTRL, irrespective of stress condition (Table 2). The biomarkers CAT, GPx, GST, GR,
LPO, and TAC were not affected either by dietary treatment or stress condition (Table 2).
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Table 2. Enzymatic activity of oxidative stress-related enzymes, lipid peroxidation, and total antioxi-
dant capacity in the liver of European seabass fed the experimental diets before and after the acute
stress challenge.

Before Stress After Stress
Two-Way ANOVA

p-Value

CTRL TM50 TM100 CTRL TM50 TM100 Diet Stress
Diet ×
Stress

SOD 78.5 ± 13.2 b 80.4 ± 12.8 ab 90.5 ± 1.8 a 72.2 ± 13.7 b 83.9 ± 20.3 ab 87.1 ± 1.8 a 0.02 0.46 0.45
CAT 8.1 ± 2.5 6.7 ± 3.4 8.6 ± 2.7 8.7 ± 1.3 9.5 ± 2.7 8.5 ± 2.3 0.81 0.10 0.14
GPx 196.8 ± 11.7 205.8 ± 14.4 200.2 ± 3.2 197.0 ± 5.6 191.3 ± 2.8 190.6 ± 2.7 0.67 0.06 0.06
GST 54.0 ± 9.9 50.7 ± 8.0 56.1 ± 13.6 56.1 ± 6.9 56.3 ± 1.5 61.7 ± 15.5 0.26 0.11 0.84
GR 20.5 ± 5.1 22.8 ± 6.6 23.8 ± 8.4 21.6 ± 2.0 22.3 ± 4.0 22.2 ± 4.6 0.47 0.84 0.71
LPO 10.9 ± 4.1 9.2 ± 3.9 11.0 ± 2.0 9.9 ± 3.9 13.4 ± 7.4 14.8 ± 5.3 0.23 0.06 0.14
TAC 0.21 ± 0.05 0.18 ± 0.05 0.21 ± 0.05 0.23 ± 0.05 0.20 ± 0.05 0.20 ± 0.04 0.15 0.23 0.45

Values represent mean ± standard deviation. Different lowercase letters indicate statistically significant differences
(p < 0.05) for diet factor. SOD, superoxide dismutase (EU mg protein−1); CAT, catalase (EU mg protein−1); GPx,
glutathione peroxidase (nmol mg protein−1); GST, glutathione s-transferase (nmol mg protein−1); GR, glutathione
reductase (nmol mg protein−1); LPO, lipid peroxidation (nmol g−1 liver); TAC, total antioxidant capacity (nmol
Trolox mg−1 liver).

3.5. Discriminant Analysis

The overall performance of the analysis indicates good discriminatory ability (Wilks
λ = 0.02, p < 0.0001) with the first two discriminant functions accounting for 91.69% of the
total dataset variability (Figure 4; F1 83.66% and F2 8.04%). Assessing the linear functions of
the variables from the analysed tissues, a clear separation by stress challenge was observed,
meaning that fish fed experimental diets before the stress challenge were significantly
separated from those after stress, based on the significant Mahalanobis distance of each
group’s multivariate mean (centroid) (p < 0.05). In addition, before stress, the fish fed
TM100 were significantly distant from those fed CTRL. The first function (accounting for
83.66% of total dataset variability) was positively loaded mainly by the red blood cell count,
haematocrit, haemoglobin, and alternative complement pathway activity, as well as cortisol,
glucose, and lactate levels, while being negatively loaded by MCV.

Figure 4. Canonical discriminant analysis of European seabass fed experimental diet before and
after the acute stress challenge. (A) Canonical discriminant scores of each group. Coloured circles
represent groups’ centroids. (B) Correlation variables/factors (factor loads) for two main discriminant
functions (F1 and F2).
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4. Discussion

The expansion of the aquaculture sector necessarily implies an increase in aquafeed
production, and consequently in raw materials availability. However, the production of
conventional marine ingredients and plant protein sources has remained stable, prompting
the necessity to explore alternative ingredients [2]. Additionally, the emergence of various
environmental and husbandry-related stress factors also poses substantial challenges to the
aquaculture industry [26]. Therefore, when a new ingredient is under consideration to be
included in aquafeeds, it is increasingly important to understand if it does not compromise
the animals’ response to stress situations.

Among the most common stressors, handling represents a highly stressful procedure
due to its frequent association with air exposure, triggering a notable physiological re-
sponse [27]. Thus, in the current study, fish were exposed to an acute stress challenge
consisting of air exposure, with a total duration of 1 minute, followed by 1 h of recovery
before sampling. The significant increase in haemoglobin, haematocrit, red blood cells,
mean corpuscular haemoglobin concentration, and cortisol, lactate, and glucose levels after
the acute stress challenge validated the applied protocol, as these are typical indicators of
acute stress [10,28]. Moreover, a clear separation before and after the stress challenge was
observed when a discriminant analysis was applied to the dataset. Additionally, it was
clearly observed that when animals were not exposed to a stressful situation, the inclusion
of dTM to partially or completely replace FM did not compromise the physiological status
of the animals.

After the acute stress challenge, and irrespective of the dietary treatment, European
seabass displayed significantly increased values of plasma cortisol. On the other hand,
the dietary inclusion of dTM did not affect the circulating levels of this hormone. This
suggests that, while the primary stress response of seabass did not exhibit improvement
(e.g., decreased circulating cortisol levels) with the inclusion of this protein source, it was
also not compromised, even when the FM was completely replaced. To the best of the
authors’ knowledge, this is the first study evaluating the impact of FM substitution by
an IM on the primary stress response of European seabass. In gilthead seabream (Sparus
aurata), the inclusion of 27.6% of defatted HI to replace 75% of FM did not alter the gill
cortisol levels after 17 weeks of a feeding trial [29]. Similarly, in rainbow trout (Oncorhynchus
mykiss), 50% FM replacement by defatted HI (i.e., 15.7% dietary inclusion) also did not
affect the primary stress response parameters, namely, ACTH and cortisol levels, after
18 weeks of feeding with the experimental diets [30].

The secondary stress response is characterized by (1) increased distribution of oxygen
and (2) the release of energy substrates into circulation, such as glucose and
lactate [10,12,31]. Thus, the observed increased haematocrit, haemoglobin, and red blood
cells after air exposure, regardless of dietary treatment, may be related to a splenic con-
traction to release blood cells into the circulatory system as a strategy to improve the
transport of oxygen [32]. In the present study, the partial and total FM replacement by dTM
did not significantly affect any of the haematological parameters evaluated. The results
obtained herein align with the previous findings of Abdel-Tawwab et al. [33]. Specifically,
50% of FM replacement by defatted HI (i.e., 14.8% dietary inclusion) did not demonstrate
any significant impact on the values of different haematological parameters of European
seabass juveniles. In Nile tilapia (Oreochromis niloticus), total FM replacement by full fat HI,
corresponding to 10% dietary inclusion, also did not change the haematological profile of
fish [34]. In contrast, in the recent study conducted by Khieokhajonkhet et al. [35], it was
demonstrated that red blood cell counts and haemoglobin levels were higher in Nile tilapia
fed an experimental diet completely devoid of FM and containing 21.7% giant cricket meal
(Brachytrupes portentosusas) for 4 weeks. According to those authors, elevated levels of these
haematological parameters and their inherent enhanced oxygen transport may lead to a
more effective response in challenging circumstances [35]. Nevertheless, to corroborate this
hypothesis, further studies would be required involving animals subjected to episodes of
stress or infection.
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While glucose serves as a crucial energy source in aerobic conditions, providing the
fish with the necessary energy substrate to meet heightened energy requirements after
stress, the limited oxygen availability in anaerobic conditions hinders the Krebs cycle. In
such conditions, pyruvate undergoes conversion to lactate, which is stored in muscle. Once
there is a sufficient return of oxygen availability, lactate can be transported to the liver,
where it undergoes conversion back to pyruvate for gluconeogenesis. Additionally, lactate
can also contribute to meeting energy demands during aerobic metabolism [12]. After the
acute stress challenge, and irrespective of the dietary treatment, European seabass exhibited
a significant increase in plasma glucose and lactate levels. On the other hand, the dietary
inclusion of dTM did not have an impact on any of these stress biomarkers. These results
align with findings from other studies that explored the utilization of different types of IM
as protein sources in aquafeeds. Similarly, those studies did not observe changes in the
plasmatic levels of glucose and/or lactate [36,37]. Altogether, the results herein obtained
provide evidence that partial (i.e., 50%) or total FM replacement by dTM, corresponding to
dietary inclusion levels of 20% and 40%, respectively, do not compromise the primary or
secondary response of European seabass to stress induced by air exposure for 1 min.

Under normal conditions, organisms can neutralize reactive molecules and repair
oxidative damage through their natural antioxidant defences. However, exposure to stress
can trigger metabolic shifts necessary to meet the increased energy demand, leading to
heightened production of ROS as by-products of cellular respiration and other metabolic
processes. Oxidative stress occurs when there is an imbalance between the production
of ROS and the antioxidant scavenging capacity of tissues through the action of antioxi-
dant enzymes (e.g., SOD, CAT, GPx, GST, and GR), resulting in cellular membrane lipids
damage [38,39]. In the liver of fish fed diets completely devoid of FM, the activity of SOD
was increased, underscoring the significance of this adaptive response and highlighting
its crucial role in antioxidant defence mechanisms. As far as we are aware, this study
represents the first attempt to assess the impact of total FM substitution by an IM on the
oxidative stress parameters in the liver of European seabass. However, in Atlantic salmon
(Salmo salar), total FM replacement by dTM (i.e., 21.5% dietary inclusion) did not alter
hepatic SOD activity after 12 weeks of a feeding trial [40]. On the other hand, in Siberian
sturgeon (Acipenser baerii), the inclusion of 37.5% defatted HI to replace 50% FM led to
an increase in the hepatic activity of SOD after 16 weeks of a growth trial [41]. Thus, the
findings from the existing literature on partial FM substitution by IM in diets for seabass
and other fish species are still inconsistent, and further research is required.

Coupled with antioxidant defences, innate immunity is considered the fish’s first
line of defence, with lysozyme and peroxidase used as conventional biomarkers of the
innate immune response in fish. Lysozyme is involved in a defence mechanism, such
as bacteriolysis, through action on the peptidoglycan layer of bacterial cellular walls.
Peroxidase plays a crucial role as an enzyme that enables the conversion of the superoxide
anion to generate hydrochloric acid. Moreover, peroxidase exhibits microbicidal properties
by utilizing one of the oxidative radicals to generate hypochlorous acid. This process
holds significant importance as it serves as an effective method for eliminating foreign
microorganisms [42,43]. While the activity of lysozyme was unaffected by stress conditions
or dietary treatments, the peroxidase activity was higher in fish fed TM100. Indeed,
several authors state that incorporating both TM or HI in diets for various fish species can
enhance the fish immune response, either before or after a bacterial challenge, by increasing
lysozyme and peroxidase activities [44–46]. For example, Abdel-Latif et al. [47] observed
that the lysozyme activity increased in fish that were fed diets with a 50% FM replacement
by partially defatted HI (i.e., 14.8% dietary inclusion) for 8 weeks. Furthermore, fish
subjected to this dietary treatment exhibited higher survival rates post-challenge with
Vibrio alginolyticus. This immunostimulant capacity of IM might be explained by the chitin
content of insects, as reviewed by Mohan et al. [48].

In conclusion, the results of this study demonstrate that total FM replacement by dTM
increased total peroxidase and SOD activity in fish fed TM100, suggesting an immunostimu-
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lant and antioxidant capacity of dTM. But the partial inclusion of dTM did not compromise
the physiological stress responses, antioxidant capacity, and innate immunity of European
seabass juveniles. However, to better understand the impact of total FM replacement by IM
on fish immune response and antioxidant capacity, it would be of high interest to deepen
our knowledge of their underlying mechanisms under other challenging rearing conditions
(e.g., pathogen or chronic stress exposure).
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Abstract: Mussel meal (species Perna perna) was evaluated as a potential feed additive for whiteleg
shrimp (Litopenaeus vannamei) diets to improve growth and cold resistance. Five experimental diets
(0, 1, 2, 3 and 4% of mussel meal inclusion) were tested in quadruplicate in whiteleg shrimp, using
twenty polyethylene tanks of 400 L. Each tank was stocked with 40 shrimp (3.5 ± 0.5 g), filled with
seawater and kept under constant aeration and a temperature of 28.4 ± 0.4 ◦C. After 8 weeks, the
growth and feed efficiency of the shrimp were evaluated, and a thermal shock was administered.
The shrimp that were fed with the addition of 3 or 4% mussel meal in their diets showed similar
results as the control (0% inclusion), while the addition of 1 or 2% mussel meal in the diet resulted in
a significantly higher final weight, weight gain and relative growth rate and a lower feed conversion
ratio. Further, no differences were observed in thermal shock resistance and survival among the
treatments. In conclusion, mussel meal can be used as a feed additive in whiteleg shrimp diets to
improve growth, and quadratic regression models indicate that the best levels of inclusion range
from 1.73 to 2.00%.

Keywords: feed additive; feed efficiency; pacific white shrimp; Perna perna; shrimp culture; shrimp
nutrition; thermal shock

1. Introduction

In recent decades, global aquaculture production has experienced immense growth
in terms of the total quantity, the diversity of farmed species and the production systems
used [1]. One of the most important production segments of aquaculture is the group
comprising marine crustaceans, which contribute to almost 13% of the total global market,
with an 86% increase in total production over the past 10 years [2]. Within this group, the
species Litopenaeus vannamei, commonly known as whiteleg shrimp or Pacific white shrimp,
comprises nearly 84% of the total farmed marine shrimp production worldwide.

Whiteleg shrimp became one of the most important aquaculture species due to their
fast growth, tolerance to a wide range of salinity and high (stocking) densities, low dietary
protein requirements, high survival rates and high market value [3]. This species is native to
the tropical marine habitats of the Eastern Pacific coast and is mostly farmed in countries in
East and South Asia (83.4%) and Latin America (16.3%) [2]. The continuous increase in the
production of this species requires the development of sustainable production strategies.
Current trends in aquaculture production rely on finding sustainable alternative and
emergent ingredients that may be used to minimize the inclusion of traditional ingredients,
such as fishmeal and fish oil, in aquafeed formulations [4,5]. The search for feed additives
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that can improve daily production management by promoting the shrimp’s robustness
within this new paradigm of feed formulation is becoming popular [3,5].

Mussel meal may be a unique local alternative ingredient and/or feed additive. The
nutritional characteristics of mussel meal are similar the those of fish meal, with a similar
amino acid and lipid profile [6]. Additionally, mussels remove nitrogen and phosphate
from water by filtering nutrient particles and microscopic organisms, converting non-food
into food [7]. Undersized mussels that are not used for human consumption or are grown
specifically to reduce the overload of nutrients should be used for the production of mussel
meal. By using mussel meal as an alternative ingredient for aquafeeds, nitrogen and
phosphate are eco-cycled, and the mussel shells may be used for poultry feed, thereby
contributing to lowering the carbon footprint of production [8].

Several studies have shown that mussel meal (produced from different species) can be
utilized as a viable alternative ingredient and is a good option for replacing fishmeal or as
a feed additive (e.g., [9–14]). The replacement of 25 to 50% of fishmeal with mussel meal
does not impair growth performance and/or feed efficiency in fish species like Artic charr
(Salvelinus alpinus; [15]), common sole (Solea solea; [9]), turbot (Scophthalmus maximus; [16])
and Ussuri catfish (Pseudobagrus ussuriensis; [10]). The inclusion of mussel meal (10–30%)
in soybean meal diets even improved the growth and stimulated the feeding of tiger
puffer, Takifugu rubripes [13]. The dietary inclusion (up to 20%) of the water-soluble
fraction of blue mussel, Mytilus edulis, increased the body weight and feed efficiency
in Japanese flounder, Paralichthys olivaceus [17]. Furthermore, mussel meal has also been
investigated for its ability to enhance palatability. In common sole, the replacement of fish-
meal with mussel meal enhanced diet palatability [18]. However, mussel meal presented
only a medium/low attractant potential in Senegalese sole (Solea senegalensis), rockfish
(Sebastes schlegeli) and rainbow trout (Oncorhynchus mykiss) [19–21]. In the case of turbot,
the addition of small amounts (2 to 8%) of mussel meal to a rapeseed-based diet resulted in
improved palatability [11]. Additionally, also in turbot, the inclusion of mussel meal (1%) in
high-plant diets increased the mRNA expression of ghrelin in the intestine [22]. In shrimp,
Cavalli et al. [12] evaluated the growth and feed utilization of Farfantepenaeus paulensis fed
with different marine protein sources (fishmeal, squid meal and mussel meal). The results
indicated that growth and feed utilization were similar in shrimp fed with fishmeal- and
mussel meal-based diets. Also, the dietary inclusion of mussel meal (up to 60%) did not
affect the growth, feed efficiency and survival of giant tiger prawn (Penaeus monodon) [14].

Due to its high economic value, the areas in which whiteleg shrimp are farmed have
been expanded to sub-tropical areas. Therefore, low temperatures have become some of the
major constraining factors in culturing whiteleg shrimp, affecting the health of the shrimp
by suppressing their immune system and disturbing physiological processes [23–25]. In
Southern China, shrimp farming has been affected by winter mortality for several decades,
especially in 2008 [26]. Also, in Brazil, especially in Southern Brazil, where the weather
is quite unstable, cold stress plays an important role as a natural trigger for disease out-
breaks [27]. Mussels have high levels of some free amino acids [28] and polyunsaturated
fatty acids (PUFAs) [29] and are a rich source of vitamins and minerals [8]. In fish, several
of these nutrients have been implicated in cold resistance [30,31].

This study aims to identify whether mussel meal (species Perna perna) can be used as a
feed additive in whiteleg shrimp (L. vannamei) diets to improve their growth and resistance
to thermal shock.

2. Materials and Methods

This experiment was carried out at the Marine Shrimp Laboratory (Laboratório de
Camarões Marinhos (LCM/UFSC)) at Barra da Lagoa, Florianópolis, Brazil.
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2.1. Shrimp

The shrimp were acquired from Aquatec®, a commercial laboratory located in Canguere-
tama, RN, Brazil. The shrimp were maintained in a 50 m3 nursery tank and cultured in a
biofloc system until they reached the initial weight required for the experiment (3.5 ± 0.5 g).

2.2. Mussel Meal Preparation

Mussels were bought in the south of Florianópolis (Brazil) at Paraíso das Ostras
(27◦49′00.5′′ S 48◦33′49.6′′ W) and transported to the Marine Shrimp Laboratory. The
mussel meal was prepared via the protocol developed by Dr Antón Salgado from CSIC-
IMM, Vigo, Spain (personal communication, 2022). First, the mussels were cooked for
10 min, and the shells were removed. The cooked mussels were placed in a ventilated
oven at 70 ◦C for 48 h. After, the dried mussel meat (comprising 95.8% dry matter, 56.9%
crude protein, 12.7% crude fat and 11.6% ash) was minced with a commercial mincer until
a powder was obtained and sieved to <600 μm.

2.3. Diets

Five diets were formulated via the animal feed formulation software Optimal Fórmula
2000® (version 19.102.009, Optimal, Campinas, SP, Brazil) to fulfil the nutritional require-
ments of whiteleg shrimp [32]. Based on the formulation for a commercial-like diet for this
species, experimental diets with different levels of inclusion of mussel meal (P. perna) were
formulated—0 (control), 1, 2, 3 or 4% mussel meal—at the expense of small amounts of
other protein sources (Table 1). All five diets were formulated to be isoproteic, isolipidic
and isoenergetic. The experimental diets were produced at the Laboratório de Nutrição
de Espécies Aquícolas (LABNUTRI, Florianópolis, Brazil), where the selected ingredients
were collected, weighed and sieved using a 600 μm sieve. First, the dry ingredients were
mixed in a concrete mixer. After mixing the dry ingredients, soybean oil, soy lecithin and
fish oil were added and mixed using a concrete mixer for 10 min. The resulting mixture
was pelletized with an extruder at 70 ◦C and a 2.5 mm sieve. Then the pellets were placed
in an oven (50 ◦C) and dried for approximately 24 h until the moisture content was <10%.

The diets were analyzed to obtain their proximate compositions (dry matter, ash,
crude protein, crude fat and gross energy), following the procedures standardized by
the Association of Official Analytical Chemists [33] and described in Teodósio et al. [34].
Following acid hydrolysis, the dietary amino acid composition (Table 2) of each diet
was analyzed via ultra-performance liquid chromatography, according to the procedures
described by Aragão et al. [35].

2.4. Experimental Set Up

Twenty 400 L polyethylene tanks were used, and each tank was stocked with 40 shrimp
(3.5 ± 0.5 g). A 12 h light/12 h dark regime was used, and each tank was filled with seawater
and kept under constant aeration and temperature. Every day, 100% of the water was
exchanged to keep the water quality parameters within ideal values. During the water
exchange, dead shrimp, shrimp carcasses and feces were removed. Each experimental diet
(inclusions of 0, 1, 2, 3 and 4% mussel meal) was randomly assigned to four replicate (n = 4)
tanks and evaluated for 8 weeks.

The shrimp were fed four times a day (at 8h00, 11h00, 14h00 and 17h00) with their
respective diets following the feeding table by Van Wyk and Scarpa [36]. The experimental
diets were placed in a feeding tray (0.03 m2) underwater in the tank. After 1.5 h, the feeding
tray was checked for leftovers.

Oxygen and temperature were measured twice a day (8h00 and 16h30), using a YSI Pro
20 meter that was calibrated once a month. The temperature was kept at 28.4 ± 0.4 ◦C and the
dissolved oxygen was maintained at 6.33 ± 0.23 mg L−1. Weekly, water samples were taken
to measure the total ammonia nitrogen (0.98 ± 0.41 mg L−1), nitrite (0.04 ± 0.09 mg L−1),
alkalinity (123 ± 3 mg L−1), pH (8.09 ± 0.07) and salinity (30.6 ± 0.27 ‰). The total ammonia
nitrogen (TAN) was measured via the indophenol with trione method [37]. Nitrite was
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measured via the Griess reaction method [38]. Alkalinity was measured via titration using
the APHA method 2320-B [39]. pH was measured via a Tecnal pH meter (Tecnal, Piracicaba,
SP, Brazil), and the salinity was measured using a YSI EcoSense® probe, model EC300A
(YSI, Yellow Springs, OH, USA).

Table 1. Formulations and proximate compositions of the experimental diets containing 0 (control), 1,
2, 3 and 4% mussel meal (P. perna).

Diets

Ingredients
(g kg−1)

0% 1% 2% 3% 4%

Mussel meal 0.0 10.0 20.0 30.0 40.0
Soybean meal 324.3 320.3 316.3 312.3 310.3

Fish meal 126.0 125.0 122.0 119.0 115.0
Poultry meal 150.0 145.0 142.0 139.0 135.0
Wheat flour 150.0 150.0 150.0 150.0 150.0

Fish oil 20.0 20.0 20.0 20.0 20.0
Soybean oil 10.0 10.0 10.0 10.0 10.0

Carboxymethyl cellulose 5.0 5.0 5.0 5.0 5.0
Soy lecithin 25.0 25.0 25.0 25.0 25.0
Vitamin C a 0.7 0.7 0.7 0.7 0.7

Vitamin premix b 5.0 5.0 5.0 5.0 5.0
Mineral premix c 17.0 17.0 17.0 17.0 17.0

Monocalcium phosphate 25.0 25.0 25.0 25.0 25.0
Magnesium sulphate 15.0 15.0 15.0 15.0 15.0

Kaolin 100.0 100.0 100.0 100.0 100.0
Sodium chloride 12.0 12.0 12.0 12.0 12.0

Potassium chloride 10.0 10.0 10.0 10.0 10.0
DL-Methionine 5.0 5.0 5.0 5.0 5.0

Proximate composition * (% as fed)
Moisture 8.9 6.8 9.7 10.8 8.2

Crude protein 36.2 37.0 35.9 35.2 36.3
Crude fat 7.2 7.2 7.8 7.5 7.9

Ash 22.2 22.4 21.8 21.5 22.2
Gross energy (MJ kg−1) 16.1 15.7 15.2 15.1 15.5

a L-ascorbic acid-2-monophosphate 35%: DSM Produtos Nutricionais Brasil (São Paulo, Brazil). b Vitamin
premix: In Vivo mix (Paulínia, Brazil)—vitamin A, 3,000,000 IU; vitamin D3, 1,000,000 IU; vitamin E, 70,000 IU;
vitamin K3, 14 g; vitamin B1, 30 g; vitamin B2, 20 g; vitamin B6, 33 g; vitamin B12, 50,000 μg; pantothenic acid, 40 g;
biotin, 750 mg; nicotinic acid, 70 g; folic acid, 3000 mg; excipient for 1000 g. c Mineral premix: InVivo mix (Paulínia,
Brazil)—potassium, 6100 mg; copper, 23,330 mg; zinc, 10,000 mg; manganese, 20,000 mg; selenium, 125 mg; iodine,
1000 mg; cobalt, 50 mg; excipient for 1000 g. * All values are reported as means of duplicate analysis.

Table 2. Amino acid compositions of the experimental diets containing 0 (control), 1, 2, 3 and 4%
mussel meal (P. perna).

Amino Acids Diets

(% as Fed) 0% 1% 2% 3% 4%

Arginine 2.3 2.4 2.3 2.2 2.3
Histidine 0.8 0.8 0.8 0.8 0.8

Lysine 2.1 2.2 2.1 2.0 2.1
Threonine 1.4 1.4 1.4 1.3 1.4
Isoleucine 1.7 1.8 1.7 1.6 1.7
Leucine 2.5 2.6 2.5 2.4 2.5
Valine 1.7 1.7 1.7 1.6 1.7

Methionine 1.3 1.3 1.3 1.2 1.3
Phenylalanine 1.8 1.8 1.8 1.7 1.8

Cystine 0.9 1.0 0.9 0.9 1.0
Tyrosine 1.7 1.9 1.8 1.6 1.7

Aspartic acid 3.2 3.3 3.2 3.0 3.2
Glutamic acid 5.4 5.5 5.4 5.1 5.4

Alanine 1.7 1.8 1.7 1.6 1.7
Glycine 2.2 2.2 2.2 2.1 2.1
Proline 1.9 1.9 1.9 1.8 1.8
Serine 1.6 1.7 1.6 1.6 1.6

Taurine 0.2 0.2 0.3 0.3 0.3
All values are reported as means of duplicate analyses.

2.5. Biometry

Once a week, the total biomass for each tank was determined, and the number of
shrimp was counted. The weekly biometry measurements were conducted 1.5 h after the
first or second round of feeding. The lid, inlet and aeration pipe of each tank were removed,
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and the water level was reduced to ±15 cm to make it easier and faster to catch the shrimp
and thus reduce stress during the biometric analysis. The shrimp were weighed using a
scale (Marte AD2000, Marte Científica, Santa Rita do Sapucai, MG, Brazil) with an accuracy
of 0.01 g. After weighing, the shrimp were placed back in the tank where they were counted.
With the total weight of the shrimp, the new feeding amount was calculated until the next
biometry measurements were obtained.

2.6. Shrimp Growth Performance

On the final day of the experiment (the 56th day), the number of shrimp and the
tank biomass were determined. The growth performance, feed conversion ratio (FCR) and
survival of the shrimp were calculated using the following formulas [40–42]:

Weight gain (% initial weight) = 100 × wet weight gain × initial weight−1,
where the wet weight gain is the final weight − initial weight.

(1)

Weekly weight gain (g week−1) = wet weight gain × number of weeks−1. (2)

Productivity (kg m−3) = final biomass × tank volume−1. (3)

Relative growth rate: RGR (% day−1) = (eg − 1) × 100,
where g = (ln Wt − ln Wi) × t−1, Wt and Wi are the final and initial wet weights,

respectively and t is the duration of the trial in days.
(4)

Feed conversion ratio (FCR) = feed intake × wet weight gain−1. (5)

Feed intake (g shrimp−1): total feed × number of shrimp−1. (6)

Survival (%) = 100 × final number of shrimp × initial number of shrimp−1. (7)

2.7. Thermal Shock

On day 57 (one day after finishing the experiment), 10 shrimp from each tank were
subjected to an abrupt, potentially lethal thermal stress (cold shock). The thermal shock
test was applied to show the possible effects of the addition of mussel meal on the immune
system of the shrimp in the face of sudden temperature changes that are common in tropical
and subtropical regions [43]. The experimental design considered the parameters that
occur in practice in Brazilian farms and the challenges that the shrimp may experience.
The 10 shrimp (18.0 ± 1.8 g) were simultaneously transferred from tanks with seawater
at a temperature of 28.4 ± 0.4 ◦C to a 60 L aquarium filled with ±25 L of seawater at a
temperature of 10.9 ± 0.1 ◦C under constant aeration, where they were maintained for
1 h. After this period, the shrimp were transferred to tanks containing ±30 L of seawater
at a temperature of 28.5 ± 1.0 ◦C, and mortality was monitored for 48 h. The seawater
used in the thermal shock trial was from the same reservoir as the experiment, at a salinity
of 30.5 ‰.

2.8. Statistical Analysis

The results are presented as means ± standard deviations (SDs). After analyzing
the assumptions of normality (Shapiro–Wilk test) and homoscedasticity (Levene test), a
one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test,
was used to identify significant differences among the treatments for growth performance
parameters, feed efficiency and survival. For this statistical analysis, the tanks were con-
sidered the experimental units (n = 4). Regression analyses between the dietary mussel
meal content and performance indicators were performed using a quadratic model. The
mortality data after the thermal shock treatment were analyzed via a Kaplan–Meier test.
All tests used a significance level of p < 0.05, and all results expressed as a percentage were
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previously arcsine transformed [44]. All statistical tests were performed using the software
program SPSS 25.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Growth Performance

After 56 days of the experiment, the shrimp that were fed with the 1 and the 2%
mussel meal diets had significantly (p < 0.05) higher final weights, weight gain, average
weekly weight gain and relative growth rates than the shrimp fed with the 0, 3 and 4% diets
(Table 3). The productivity was the highest for the shrimp fed the 2% diet, while the lowest
values were found for the shrimp fed the 0 and 4% diets. The shrimp fed with the 2% diet
presented the highest feed intake and the lowest FCR, which were significantly different
(p < 0.05) from the 0, 3 and 4% treatments, whilst the shrimp fed the 1% diet presented
intermediate values (Figure 1).

Table 3. Growth performance of L. vannamei fed diets containing 0, 1, 2, 3 and 4% mussel meal
for 56 days.

Diets

Growth Indicators 0% 1% 2% 3% 4%

Initial weight (g) 3.50 ± 0.01 3.51 ± 0.01 3.51 ± 0.03 3.50 ± 0.00 3.50 ± 0.01
Final weight (g) 18.50 ± 0.30 b 19.63 ± 0.18 a 20.34 ± 0.54 a 18.11 ± 0.31 b 18.45 ± 0.38 b

Weight gain
(% initial weight) 429.1 ± 9.0 b 459.8 ± 5.0 a 479.8 ± 18.5 a 418.0 ± 9.2 b 426.7 ± 10.7 b

Weekly weight gain
(g week−1) 1.88 ± 0.04 b 2.02 ± 0.02 a 2.10 ± 0.07 a 1.83 ± 0.04 b 1.87 ± 0.05 b

Productivity
(kg m−3) 1.74 ± 0.10 b 1.85 ± 0.08 ab 1.93 ± 0.05 a 1.80 ± 0.01 ab 1.76 ± 0.04 b

RGR (% day−1) 3.02 ± 0.03 b 3.12 ± 0.02 a 3.19 ± 0.06 a 2.98 ± 0.03 b 3.01 ± 0.04 b

Survival (%) 93.8 ± 4.1 94.4 ± 4.1 95.0 ± 3.5 98.8 ± 1.3 95.6 ± 1.1
RGR: Relative growth rate. Results are means ± SDs (n = 4). Absence of letters indicate no significant differences
among the treatments. Different letters indicate significant differences (p < 0.05) among the treatments.

Figure 1. Feed intake (A) and feed conversion ratio (B) of L. vannamei fed diets containing 0, 1, 2 3
and 4% mussel meal for 56 days. Results are means ± SDs (n = 4). Different letters indicate significant
differences (p < 0.05) among the treatments.

The quadratic regression analysis (Table S1) was significant (p < 0.05) for all perfor-
mance indicators except for survival and feed intake (p > 0.05). Figure 2 shows as an
example the quadratic regression of the final weight (A) and FCR (B) of the whiteleg shrimp
fed diets containing different levels of mussel meal inclusion. According to the models, the
best inclusion level of mussel meal is estimated to be from 1.73 to 2.00% (Table S1).
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(a) (b)

Figure 2. Quadratic regression of final weight (a) and feed conversion ratio (b) of L. vannamei as a
function of the dietary mussel meal inclusion (0, 1, 2, 3 and 4%).

3.2. Thermal Shock

The survival of the shrimp 48 h after the thermal shock presented no significant
differences among the treatments (Figure 3).
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Figure 3. Cumulative mortality (%) of L. vannamei during 48 h after the cold shock treatment
for treatment groups CTRL (0), 1, 2, 3 and 4%. No significant differences were found among the
treatments.

4. Discussion

The present study investigated whether mussel meal can be used as a feed additive
in whiteleg shrimp diets. Small amounts, from 1 to 4%, of mussel meal were added to
commercial-like diets to see if it improved the growth of the shrimp. Secondly, this research
assessed whether the inclusion of mussel meal had a positive effect on the cold resistance
of the shrimp. In this study, significant differences were found in the growth performance
between the five different treatments. Treatments 1 and 2% obtained significantly better
results than the other treatments, with higher final weights, weight gain and RGRs. The
weekly weight gain in the present study was above 2 g per week, similar to the values
found by Tacon et al. [45] for whiteleg shrimp fed diets containing 35% crude protein and
the inclusion of 2.5% squid meal. Nunes et al. [46], who included 1% krill meal in the
shrimp diets, reported a weekly growth of 1.01 ± 0.07 g in a clear water system using the
same density as the present study, 100 shrimp m−3. An addition of 3 or 4% mussel meal
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to the diets showed similar results as the control, with a weekly gain of more or less than
1.85 g. In addition, the mortality that occurred was low and similar in all treatments and
intrinsic to the possible stress caused by the management of the intensive system.

Feed costs can represent from 50 to 70% of the total cost of production in aquacul-
ture [47–49]. Currently, the aquafeed industry uses plant ingredients such as soybean
meal as the main protein source for shrimp diets since they are less expensive and more
readily available compared to fishmeal. However, plant-based diets may be less attractive
and palatable to farmed organisms [50,51]. Crustaceans have antennular chemoreception
mechanisms to help identify attractive feeds, and amino acids and nucleotides seem to be
the main triggers for these mechanisms [52,53]. In this study, despite the feed intake being
significantly higher in shrimp from the 2% treatment, the tested experimental diets had
very similar amino acid profiles.

The use of marine ingredients, such as krill meal, squid meal and, as in the present
study, mussel meal, contain substances that act as chemoattractants and feeding stimulants
for shrimp [46,52,54] and may result in increased feed consumption and decreased waste.
In this study, the addition of 1 and 2% mussel meal increased feed intake, indicating that up
to a certain level, this ingredient may be used as a feeding stimulant. Interestingly, besides
the higher feed intake, these shrimp also grew better, resulting in a lower FCR compared
to shrimp fed on the other diets. A lower feed conversion ratio was also found in shrimp
fed with 3% krill meal in diets with low fishmeal content [46]. In giant tiger prawn, similar
zootechnical performance was found between treatments when the prawns were fed a diet
containing 20, 40 or 60% of mussel meal (Mytella charruana), with no adverse effects [14].
There is a limited body of recent literature exploring the inclusion of mussel meal as a
potential ingredient in shrimp diets, highlighting a significant information gap that can be
addressed. In this study, we identified that the inclusion of small amounts of mussel meal in
the diet of whiteleg shrimp demonstrates a positive potential on zootechnical performance.

Recently, the use of marine bivalves as a potential ingredient for the aquafeed industry
was suggested [55]. These resources, in addition to having high levels of protein, vitamins
C and B2 and minerals such as iron and magnesium [8], are low-trophic-level filtering
species and can be cultivated as tools for mitigating excesses of nutrients in marine envi-
ronments [7]. For lobster farming, the industry has been testing the inclusion of mussel
meal in manufactured diets to reduce reliance on mussels as fresh food [56,57]. In fish,
several research studies have already revealed that mussel meal has a high potential for
serving as a supplement or a fishmeal replacement in diets, resulting in similar or better
growth performances. For example, in juvenile Ussuri catfish, mussel meal protein can
successfully substitute 50% of fishmeal protein (~18% maximum inclusion level of mussel
meal) without significant effects on growth, nutrient utilization and hepatic IGF-I gene
expression [10]. In a study conducted on turbot, it was demonstrated that fishmeal can
be substituted with mussel meal up to 25% (11% mussel meal inclusion) without com-
promising growth or negatively impacting the fish [16]. In Artic charr, similar growth
performance, nutrient digestibility and intestinal barrier function were found in groups
fed diets with 40% of the fishmeal replaced with mussel meal (22% mussel meal inclusion)
compared to the control (0% replacement of fishmeal [15]). In juvenile common sole, a
higher specific growth rate, higher feed intake and lower feed conversion ratio were found
for groups fed fishmeal replacement diets (up to 75%, a 25% maximum inclusion of mussel
meal [9]). Shrimp (F. paulensis) fed diets based on fishmeal or mussel meal (40% inclusion
for both ingredients) did not present significant differences in growth performance, feed
efficiency or survival [12]. Most of these studies investigated the partial or full replacement
of fishmeal with mussel meal. Nevertheless, mussel meal was also tested as a feed addi-
tive, small amounts of which (2 to 8% of mussel meal inclusion) increased palatability in
rapeseed-protein-based diets in turbot [11] or increased the feed intake and specific growth
rate in common sole [9]. In the present work with shrimp, increases in feed intake were also
found for the 1 and 2% levels of dietary mussel meal inclusion. The quadratic regression
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models corroborate that the best inclusion levels are from 1.73 to 2.00%, demonstrating that
mussel meal can work well as a strategic nutritional additive for marine shrimp diets.

Mussel meal is rich in different compounds like minerals and unsaturated fatty acids
that could improve the robustness of shrimp, as shown in previous studies. For instance,
the beneficial role of a diet enriched with highly unsaturated fatty acids with respect
to tolerance to handling stress and the immune response of whiteleg shrimp juveniles
was reported [58]. Also, an improvement in osmoregulation capacity was monitored in
whiteleg shrimp juveniles when their diets were supplemented with unsaturated fatty
acids [59]. Post-larvae whiteleg shrimp fed with small amounts of brown seaweeds (1%
of Sargassum filipendula combined with 2% of Undaria pinnatifidia) showed lower rates
of cumulative mortality when exposed to a cold shock (13.5 ± 0.1 ◦C) than the control
shrimp, which were fed diets without seaweed inclusion [40]. Similar results were found
in post-larvae whiteleg shrimp fed with 0.5 and 2% inclusions of S. filipendula, showing
lower rates of cumulative mortality after cold shock (12.5 ± 0.4 ◦C) compared with a
control treatment [60]. Another study using the same seaweed at a concentration of 0.5%,
demonstrated a greater resistance to cold shock in whiteleg shrimp at an even lower
temperature (11.5 ± 0.1 ◦C; [61]). Coelho et al. [62] used the same temperature to subject
whiteleg shrimp juveniles to a thermal shock challenge and observed greater survival
in shrimp fed with the dietary inclusion of 2% Ulva ohnoi. Whiteleg shrimp fed diets
enriched with 0.5 and 1% of Aurantiochytrium sp. flour, which is rich in docosahexaenoic
acid (DHA), showed higher rates of survival for cold shock (12.5–13.0 ◦C) when compared
to a control treatment [63]. In the current experiment, no differences were measured in
survival among the treatments after the cold shock (10.9 ± 0.1 ◦C). This may be related
to the final weight of the animals, which was higher than the final weight of the animals
in the aforementioned studies. The size of the shrimp plays a significant role in their
resistance to cold shock, with juvenile shrimp exhibiting greater resilience compared to
post-larvae shrimp [64]. Furthermore, resistance to cold shock may be directly related to
the concentration of unsaturated fatty acids in the diet, which are capable of impacting
cell membrane fluidity [65,66]. In the present study, a slightly higher lipid content was
observed in the diet with the inclusion of 4% mussel meal, and the lowest mortality rate
during the first hours of the thermal shock challenge was observed for this treatment,
although the accumulated mortality data did not show statistical differences at the end
of the 48 h. Mussels are considered marine sources of fatty acids and have considerable
amounts of DHA and eicosapentaenoic acid (EPA), which are long-chain unsaturated fatty
acids [67,68] that improve immunity and positively impact the growth and zootechnical
performance of whiteleg shrimp [69,70], although the nutritional requirement is not well
defined [32]. Thus, the impact of mussel meal on the tolerance of shrimp to thermal shock
and on their immune responses seem to be worth further investigation.

5. Conclusions

The current study demonstrated that shrimp fed with 1 and 2% mussel meal diets
had significantly higher final weights, weight gain, relative growth rates and lower feed
conversion ratios than the shrimp fed with the control, 3 and 4% mussel meal diets. The
shrimp fed with the 2% mussel meal diet showed the best growth results. After 8 weeks of
the experiment, the shrimp from this treatment were significantly heavier than the control
shrimp by 10%. Further, no differences were observed in cold resistance and survival
among the treatments. In conclusion, mussel meal can be used as a potential additive in
whiteleg shrimp diets to promote growth, and inclusion levels between 1.73 and 2.00%
are indicated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse11091670/s1, Table S1: Results from the regression analyses
between the dietary mussel meal content and the performance indicators of L. vannamei.
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Abstract: This trial aimed to assess the growth performance of trout (Oncorhynchus mykiss) fed novel
formulations, evaluate fish welfare status, and determine flesh quality as part of the evaluation of
sustainable feeds. A control diet containing fish meal and soy products (CTRL) was compared to: a
diet with processed animal proteins (PAP); a diet without PAP (NoPAP); a PAP diet lower in protein
(PAP−); and a NoPAP diet higher in protein (NoPAP+). Groups of 50 fish, weighing 58.84 ± 1.39 g
(IBW), were allocated to 20 tanks and fed with formulated diets ad libitum over 91 days. Better
growth performance was observed after the experiment in fish fed the NoPAP+ diet when compared
to other diets. Protein retention was higher in CTRL diets than in PAP and PAP− diets. Protein
and phosphorous digestibility were lower in fish fed PAP− diet. Diets did not influence the texture
analysis. However, sensory analysis revealed higher acceptance for fish fed the NoPAP diet when
compared to the PAP diet. Lysozyme was higher in the NoPAP diet than in other treatments. In
addition, long-term predictions using FEEDNETICSTM software suggest some of these alternative
formulations may be economically sustainable. Overall, these results support the hypothesis that the
new formulations are viable options for trout farming.

Keywords: emerging ingredients; processed animal proteins; sustainable feeds; alternative diets

1. Introduction

Over the past few decades, considerable effort has been made to find practical alterna-
tives to reduce the aquafeed industry’s reliance on marine-derived ingredients, i.e., fish
meal (FM) and fish oil (FO). Sustainability concerns, i.e., responsible consumption and pro-
duction and life below water goals from the United Nations (UN) Sustainable Development
Goals (SDGs), have been the main driving forces behind such efforts [1,2]. Additionally,
due to the unlikely increase in global production of FM and FO beyond current levels, it is
expected that in the near future the overall supply will become increasingly insufficient
to meet the already reduced current inclusion levels in many species and sustain the still
growing aquaculture production [3–5].

So far, research undertaken since the 1960s and 1970s has led to the successful large-
scale replacement of FM and FO by alternative ingredients from terrestrial plant sources.
Presently, it is a common practice in aquafeed production to use ingredients derived from
various terrestrial plants (e.g., soybean, canola, lupin, peas, wheat, corn, and linseed) as
partial substitutes for FM and FO [6–8]. However, there are in some cases serious limitations
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in using these types of ingredients as total substitutes of FM and FO [3], as most plant
ingredients have relatively limited nutritional value (e.g., imbalanced amino acid and
fatty acid profiles) and/or biological components (e.g., anti-nutritional factors) that can
negatively affect the performance, health, and well-being of some fish species [9].

Given the aforementioned achievements as well as the associated limitations, in recent
years there has been a slight shift in aquafeed research, with the focus being progressively
placed on expanding the range of alternative sources of ingredients.

Protein sources, such as processed animal proteins from terrestrial animals (PAPs; e.g.,
poultry by-product meal, blood meal, and feather meal), insect meal (e.g., black soldier
fly and yellow mealworm), single-cell protein (SCP; e.g., microalgae, yeasts, bacteria, and
protists), and macroalgae (e.g., Ulva, Gracilaria, and Laminaria), have been increasingly
studied as potential novel alternatives to FM and terrestrial plant proteins [10,11]. Some
have been shown to be well utilized by fish when incorporated at moderate levels, as is
the case with PAPs that are already being used on a commercial scale [12]. Others still
require further research in order to be considered viable options to be used at larger scales,
as is the case with insect meal, with outcomes varying substantially with the processing
methods applied, inclusion levels considered, and insect/fish species evaluated [13]. Other
alternative protein sources, such as fish protein hydrolysates (FPH), have also gained
attention in recent years since they can be produced from waste discarded by fish processing
units (e.g., heads, skin, muscle, viscera, and bones), thus contributing to increasing the
circularity of resources [14]. A detailed overview of the research carried out to date
on the impact of these new protein sources on fish performance and health, along with
other considerations for large-scale use, can be found in various reviews available in the
literature [10,13,15,16].

Finding new alternatives to replace FO has also been a growing concern in aquafeed
research, as it is critical to the sustainable growth of aquaculture. Marine fish, for example,
require considerable levels of long-chain polyunsaturated fatty acids (LC-PUFAs) [17].
However, available alternatives to FO from terrestrial plant sources, such as canola, linseed,
or soybean oils, have low levels of LC-PUFAs, e.g., arachidonic acid (ARA), eicosapen-
taenoic acid (EPA), and docosahexaenoic acid (DHA) [18–20]. This limits the incorporation
of vegetable oils (VO) at high levels in aquafeeds for marine fish, as it can lead to reduced
performance and adverse health issues in fish [21]. For this reason, current research has
focused on developing aquafeeds that allow the use of relatively high levels of VO without
impairing fish performance. Such research has been based on testing the incorporation
of oils highly rich in LC-PUFAs, as is the case with oils extracted from some microalgae
species [22–24]. However, due to the still relatively high cost of these types of ingredients,
their incorporation is currently limited to small amounts on a commercial scale. Neverthe-
less, in the specific case of rainbow trout (Oncorhynchus mykiss), studies have demonstrated
that it is possible to totally replace FO with VO without compromising growth perfor-
mance or nutrient utilization efficiency [25,26]. However, the use of finfish diets rich in
omega-3 fatty acids has been advised in these cases to ensure that this food product is
still a viable source of omega-3 fatty acids in the human diet. This makes the search for
alternative sources of LC-PUFAs a valid and relevant effort for the development of more
sustainable feeding not only of marine species but of other fish species (i.e., diadromous
and freshwater), including rainbow trout.

Consumer acceptance and fillet quality are also important components when devel-
oping novel aquafeeds, since consumers are at the top of the supply chain. Consumers
presently are more likely to care about the sustainability of the products they are buying.
Although few studies have been published on the consumer acceptance of farmed fish
fed aquafeeds with alternative ingredients, the existing ones indicate that consumers are
generally willing to accept the inclusion of these types of ingredients in the fish diet (e.g.,
insect meal) [27,28]. Other studies revealed that the level of education influences the choice
of sustainable seafood consumption in Germany [29], but the choice of more sustainable
aquaculture is also country-dependent and strongly impacted by misleading information
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from the media [30]. In terms of the impact of novel aquafeeds on the fillet quality of fish,
previous research has found that, in most cases, FM and FO replacement do not lead to
significant negative effects [31,32]. However, this type of sensory analysis is context-specific,
and performing it in new contexts can provide a more holistic view of the overall impact of
novel diets while also taking consumer perception into account [33].

Given the importance of finding practical solutions to reduce the inclusion of FM and
FO in aquafeeds, the present study, carried out in the context of the EU-funded GAIN
(Green Aquaculture Intensification in Europe) project (www.gain2020.com), focused on the
evaluation of the impact of novel diets formulated with emerging ingredients on rainbow
trout (Oncorhynchus mykiss) through the objectives of (1) an in vivo growth trial, carried
out over 91 days under controlled conditions; (2) flesh quality and sensory analysis of
fish after the in vivo trial; and (3) in silico extrapolation scenarios, performed considering
commercial-like farming conditions.

2. Materials and Methods

2.1. Diets

The diet formulation framework followed to produce the test aquafeeds aimed to priori-
tize the use of ingredients derived from by-products (e.g., PAPs and aquaculture/fisheries
by-products), as well as the inclusion of a high diversity of other novel alternative sources
(e.g., micro and macroalgae, microbial meal, and insect meal), with the goal of finding more
sustainable ready-to-use formulations that can be readily adopted by the aquafeed industry.

The alternative ingredients selected were defined based on circularity principles,
contributing towards low waste in the agri-food value chain to optimize sustainability
within the current/predictable regulatory framework. The diets were formulated according
to the known nutritional requirements for rainbow trout (Oncorhynchus mykiss) [17] and
manufactured by extrusion at SPAROS facilities. The trial comprised five experimental
diets (Table 1). In particular, a control diet (CTRL), mimicking a good-quality commercial
diet, contained a low inclusion level of fish meal along with traditional soy products, which
was compared against four alternative formulations: a diet rich in processed terrestrial
animal proteins (PAP); another one without the inclusion of PAPs (NoPAP); a diet similar
to PAP but with a lower protein content (PAP−); and a diet similar to NoPAP but with a
higher protein content (NoPAP+). All diets included a mix of fish protein hydrolysates
produced by the GAIN project consortium based on turbot, salmon, seabream, and seabass
by-products. All diets were formulated to be isolipidic, and the first three aforementioned
(i.e., CTRL, PAP, and NoPAP) were also isoenergetic and isoproteic. Dietary amino acid
and fatty acid contents are available in Tables S1 and S2.

Table 1. Formulation and proximate composition of the experimental diets for trout (O. mykiss).

Ingredients (%) CTRL NoPAP NoPAP+ PAP PAP−
Fish meal Super Prime 1 15.00 12.50
Krill meal 2 5.00
Fish protein hydrolysate 3 2.00
FPH-TURBOT-HEAD 4 0.250 0.250 0.250 0.250
FPH-TURBOT-TF 5 0.250 0.250 0.250 0.250
FPH-SALMON-HEAD 6 0.250 0.250 0.250 0.250
FPH-SALMON-TF 7 0.250 0.250 0.250 0.250
FPH-BREAM/BASS 8 1.00 1.00 1.00 1.000
Feathermeal hydrolysate 9 7.50 15.00
Porcine blood meal 10 2.00 4.00
Poultry meal 11 5.500 11.00
Insect meal (Black soldier fly) 12 16.00 10.00 16.00 5.00
Fermentation biomass (M. capsulatus) 13 16.00 10.00 16.00 5.00
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Table 1. Cont.

Ingredients (%) CTRL NoPAP NoPAP+ PAP PAP−
Soy protein concentrate 14 20.00 10.00 10.00
Pea protein concentrate 15 2.55 10.00
Wheat gluten 16 6.00 3.00 3.00
Corn gluten meal 17 7.00 3.50
Soybean meal 48 18 10.00
Wheat meal 19 11.20
Whole peas 20 12.03 20.84 31.77
Pea starch (raw) 21 4.00 7.00 13.35 4.00
Vit and Min Premix-WITH I and Se 22 1.00
Vit and Min Premix-NO I and Se 23 1.00 1.00 1.00 1.00
Macroalgae SHP 24 2.00 2.00 2.00 2.00
Macroalgae SHP + Se 25 0.05 0.05 0.05 0.05
Microalgae Se-rich 26 0.20 0.20 0.30 0.30
Vitamin E50 27 0.03 0.03 0.03 0.03 0.03
Betaine HCl 28 0.10 0.10 0.10 0.10 0.10
Antioxidant 29 0.20 0.20 0.20 0.20 0.20
Sodium propionate 30 0.10 0.10 0.10 0.10 0.10
Monocalcium phosphate 31 1.04 2.26 0.70 1.80 1.70
L-Lysine HCl 99% 32 0.50 0.60 0.45 0.65
L-Tryptophan 33 0.04 0.01 0.04 0.17
DL-Methionine 34 0.12
L-Taurine 35 0.17 0.20 0.10 0.12 0.04
Yttrium oxide 36 0.02 0.02 0.02 0.02 0.02
Fish oil 37 5.30 2.65 2.65 2.65 2.65
Salmon oil (by-products) 38 10.00 10.00 10.00 10.00
Algae oil (Veramaris) 39 1.00 1.00 1.00 1.00
Rapeseed oil 40 16.30 7.50 6.00 6.30 6.10
Total 100 100 100 100 100

Composition (feed basis)

Crude protein, % feed 39.6 39.3 43.1 41.5 38.4
Crude fat, % feed 21.5 22.1 22.2 23.6 22.1
Fiber, % feed 1.6 1.6 1.3 1.4 2.5
Ash, % feed 6.3 6.2 5.9 6.0 5.8
Gross Energy, MJ/kg feed 23.4 22.8 23.3 22.8 23.5

1 Sopropêche, France, Spain; 2 Aker BioMarine, Norway; 3 Sopropêche, France; 9 Coppens, The Netherlands;
10 SONAC BV, The Netherlands; 11 SAVINOR UTS, Portugal; 12 InnovaFeed, France; 13 Feedkind (Calysita);
14 ADM, The Netherlands; 15 Roquette Frères; 16 Roquette Frères; 17 Copan, Portugal; 18 CARGILL, Spain; 19 Casa
Lanchinha, Portugal; 20 O Cereal, Portugal; 21 COSUCRA, Belgium; 27 DSM Nutritional Products, Switzerland;
28 ORFFA, The Netherlands; 29 Kemin Europe NV, Belgium; 30 Disproquímica, Portugal; 31 Coppens, The
Netherlands; 32 Coppens, The Netherlands; 33 Ajinomoto EUROLYSINE S.A.S., France; 34 EVONIK Nutrition and
Care GmbH, Germany; 35 ORFFA, The Netherlands; 36 Sigma Aldrich, USA; 37 Sopropêche, France; 38 Sopropêche,
France; 39 Veramaris, The Netherlands; 40 Henry Lamotte Oils GmbH, Germany. The ingredients 4 to 8 and 24 to 26

were provided by the partners of the GAIN project consortium. 22 and 23 were manufactured at SPAROS.

All powder ingredients were admixed accordingly to the target formulation in a
double-helix mixer (model 500 L, TGC Extrusion, Roullet-Saint-Estèphe, France) and
ground (below 400 μm) in a micro-pulverizer hammer mill (model SH1, Hosokawa-Alpine,
Augsburg, Germany). Diets (pellet size changed according to species and fish size) were
manufactured with a twin-screw extruder (model BC45, Clextral, France) with a screw diam-
eter of 55.5 mm. Extrusion conditions: feeder rate (80–85 kg/h), screw speed (247–266 rpm),
water addition in barrel 1 (345–360 mL/min), temperature barrel 1 (30–35 ◦C), temperature
barrel 3 (105–120 ◦C). Extruded pellets were dried in a vibrating fluid bed dryer (model
DR100, TGC Extrusion, Firminy, France). After cooling, an oil blend was embedded by
vacuum coating (model PG-10VCLAB, Dinnissen, Sevenum, The Netherlands). Coating
conditions were: pressure (700 mbar); spraying time under vacuum (approximately 90 s);
return to atmospheric pressure (120 s). Immediately after coating, diets were packed in
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sealed plastic buckets and shipped to the research site, where they were stored at room
temperature but in a cool and aerated emplacement. Representative samples of each diet
were taken for composition analysis.

2.2. Growth Trial

The growth trial was conducted at the experimental facilities of Fondazione Edmund
Mach (FEM, San Michele all’Adige, Italy). A rainbow trout (Oncorhynchus mykiss) batch
(approx. 2000 individuals), which originated from a bigger resident FEM stock, was
transferred to the experimental facilities and kept in sanitary quarantine for 6 days. At
the start of the trial, fish were manually sorted by weight to constitute a homogenous
subsample of 1000 individuals.

Groups of 50 fish, with a mean initial body weight (IBW) of 58.84 ± 1.39 g, were
randomly allocated in 20 tanks (approx. 1000 L, 700 L of water). All tanks were located
indoors, supplied with well water in an independent flow-through rearing scheme, and
subjected to a natural photoperiod (46◦11′30.3′ ′ N, 11◦08′05.3′ ′ E). Water quality parameters,
such as temperature and dissolved oxygen, were monitored repeatedly during the trial. The
mean water temperature was 13.3 ± 0.2 ◦C, and the dissolved oxygen was 8.0 ± 0.8 mg/L.
Each diet was tested in four replicates in a randomized design. Fish were fed by hand
until apparent satiation, twice a day (09.00 a.m. and 02.00 p.m.), six days per week (no
feeding on Sundays), over 91 days. Administered feed per tank was registered on a daily
basis. Anesthetized fish were individually weighed and measured at the start (day 0) and
end (day 91) of the trial, whereas a bulk weight of all fish in each tank was carried out
in the middle of the trial (day 49). At the start, 30 fish from the same source stock were
sampled and stored at −20 ◦C for subsequent whole-body composition analysis. At the
end of the trial, five fish from each tank were euthanized, from which blood samples were
collected for lysozyme analysis, and six fish from each tank were sacrificed for whole-body
composition analysis. In addition, twenty fish collected from the tanks fed with CTRL, PAP,
and NoPAP diets were killed by a sharp blow to the head, bled, gutted, stored on ice, and
sent to the lab for sensory analysis with a trained panel. The remaining individuals in each
tank were assigned to flesh quality analysis (TPA and color).

2.3. Apparent Digestibility Measurements

Feces were sampled at day 91 to determine the apparent digestibility coefficients
(ADC) of the diets by the indirect method [34]. All the different diets in which fish were
fed throughout the experimental period contained yttrium oxide (Y2O3) at 0.02% as an
inert marker. Feces were collected from all anesthetized fish by stripping [35], pooled per
tank into a plastic container, and two subsamples (100 g each) were stored frozen at −20 ◦C
until lab analysis.

2.4. Analytical Methods

The analysis of diets, whole fish, and feces was made with analytical duplicates, fol-
lowing in most cases the methodology described by [36]. Dry matter after drying at 105 ◦C
for 24 h; total ash by combustion (550 ◦C during 6 h) in a muffle furnace; crude protein (N
× 6.25) by a flash combustion technique followed by a gas chromatographic separation and
thermal conductivity detection with a Leco N Analyzer (Model FP-528, Leco Corporation,
USA); crude lipid by petroleum ether extraction (40–60 ◦C) using a Soxtec™ 2055 Fat
Extraction System (Foss, Hillerød, Denmark), with prior acid hydrolysis with 8.3 M HCl;
gross energy in an adiabatic bomb calorimeter (Werke C2000, IKA, Hohenems, Austria);
total phosphorus according to ISO 27085:2009 by ICP-AES methodology) [37]; yttrium con-
centration in feed and feces was determined by atomic absorption spectrometry (SpectrAA
220 FS, Varian) [38]. For mineral analysis, dry samples were weighed (50–200 mg) in quartz
vessels. Samples were then digested in 6 mL of nitric acid (HNO3 tracer grade, 70%) in
a Discovery SP-D microwave digestion unit according to the following program: 200 ◦C;
4 min ramp; 3 min hold. The samples were then cooled to room temperature, and a final
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volume of 10 mL was achieved by adding ultrapure water. The samples were subsequently
diluted 16x in ultrapure water, and standard curves were prepared in ultrapure water.
Mineral quantification was performed by MP-AES (Agilent, model 4200). Blank samples
containing only the decomposition acid were included to measure the matrix effects of
decomposition, which were subtracted from every element in each sample.

2.5. Evaluation Criteria

Growth performance and feed utilization were evaluated according to the follow-
ing equations:

Relative growth rate:

RGR (%BW/day) = (eg − 1) × 100 (1)

where ‘e’ is Euler’s number and g = (ln (FBW) − ln (IBW))/days.
Feed conversion ratio:

FCR = crude feed intake/weight gain (2)

Weight gain was corrected for mortality and sampled when necessary.
Feed intake:

FI (%BW/day) = (crude feed intake/(IBW + FBW)/2/days) × 100. (3)

Protein efficiency ratio:

PER = wet weight gain/crude protein intake. (4)

The contractions IBW and FBW are assigned for initial mean body weight and final
mean body weight, respectively, both expressed in grams (g).

Retention was calculated accordingly using the following equation: where NFF is the
nutrient content of the final fish and NIF is the nutrient content of the initial fish, both
expressed as a percentage.

Retention (%)= 100 × (FBW × NFF)− (IBW × NIF)
nutrient intake

(5)

Apparent digestibility coefficients (ADC) of dietary nutrients and energy in the experi-
mental diets were calculated according to the NRC [17]:

ADC (%) = 100 ×
(

1 − % marker diet
% marker f eces

× % nutrient f eces
% nutrient diet

)
(6)

2.6. Lysozyme

The lysozyme activity was slightly adjusted to the protocol of [39]. The phosphate
buffer consisted of 0.05 M NaH2PO4 + 0.05 M Na2HPO4 and was modified with 85%
H3PO4 to a pH of 6.2. An amount of 30 mg of Micrococcus luteus (0.6 mg/mL, SIGMA
M3770) was mixed with 50 mL of buffer on a daily basis, while 20 mg of lysozyme from
egg whites (Lot SLCC4285, 40,382 units/mg, Sigma L6876) was mixed with 20 mL of buffer
weekly. The lysozyme-buffer solution was diluted to 1000 U/mL. For the measurement,
96 flat-bottomed well plates (Brandplate 781660) were used and measured in a Berthold
Tristar LB941. After calibration of standard curves, 10 μL and 5 μL of plasma were pipetted
into the wells with 10 μL and 15 μL of buffer to get a total volume of 20 μL per well. Right
before the measurement started, M. luteus was added at 130 μL to the standard curve and all
sample preparations. The measurement took place at 450 nm every minute for 10 min. The
plate was shaken for 5 s before the first measurement. For each measurement, the standard
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curve, the samples, and the blanks were measured in triplicate. Between measurements,
the solutions were stored at 4 ◦C and the samples at −20 ◦C.

2.7. Fish and Fillet Quality Analysis
2.7.1. Body Indexes

The experimental pool consisted of 100 rainbow trout with an average weight of
306.1 ± 55.0 g, representing 5 fish from each tank (20 fish per treatment) collected at the
end of the trial. After being killed, the fish were covered with ice and stored at 1 ◦C for 24 h.
The day after, fish were eviscerated, and carcasses, whole viscera, liver, and mesenteric fat
were weighted. Then, carcass yield (CY), hepatosomatic index (HSI), viscerosomatic index
(VSI), and mesenteric fat index (MFI) were calculated as follows:

CY (%) = 100 × [fish weight (g) − visceral weight (g)/fish weight (g)] (7)

HSI (%) = 100 × [liver weight (g)/fish weight (g)] (8)

VSI (%) = 100 × [visceral weight (g)/fish weight (g)] (9)

MFI (%) = 100 × [mesenteric fat weight (g)/fish weight (g)] (10)

Fish were filleted afterwards.

2.7.2. Texture Profile Analysis (TPA)

The right fillet from each sample (100 fish) was assigned to the Texture Profile Analysis
(TPA). Textural features were measured at room temperature on a sample of muscle (a
section of 4 × 4 cm) withdrawn from the epaxial region of the fillet. TPA was carried out
using a Zwick Roell® 109 texturometer (Ulm, Germany) equipped with a 1 kN load cell
and a cylindrical probe (10 mm). Two consecutive cycles (downstroke and upstroke), with
a five-second break between them, were set, and the deformation was limited to 50% of
the total thickness by a crosshead speed of 100 mm/min. The raw data were collected
and analyzed by the Test-Xpert II software version 3.0 (Zwick GmbH and Co. KG, Ulm,
Germany). As suggested [40], the following parameters were determined:

• hardness (N), defined as the maximum force required to compress the sample;
• cohesiveness, defined as the area of work during the second compression divided by

the area of work during the first compression (Area 2/Area 1);
• gumminess, calculated as hardness × cohesiveness;
• resilience (Nmm), calculated by dividing the upstroke energy of the first compression

by the downstroke energy of the first compression (Area 4/Area 3);
• adhesiveness (Nmm), defined as the negative force area under the baseline between

compression cycles.

2.7.3. Fillet Color

A Konica-Minolta CR-400 colorimeter was utilized for color measurement carried
out according to the CIE Lab system [41]. Flesh color was measured in triplicate on the
cranial, dorsal, and caudal sections of the left fillet (Figure 1), recording L* (lightness),
a* (redness index), and b* (yellowness index) parameters, then chroma and hue were
calculated. Chroma is an expression of the intensity of the color, and hue is an angular
measurement of tint.
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Figure 1. Sampling points for color analysis on the fillet ((1) cranial, (2) dorsal, and (3) caudal).

CIE Lab and CIE LCh are similar color spaces; the difference between them is the
different coordinate systems used to describe the space. The relationships between their
respective coordinates are, therefore, as follows:

L* (LAB) ≡ L* (LCH) (11)

C* =
√

(a*2 + b*2) (12)

h* = arctan(b*/a*) (13)

After that, it is possible to calculate the perceptual difference between samples. Color
spaces have been developed to mathematically describe the color that a person can feel
with an unaided eye, as there was a need to distinguish colors and define them as similar,
identical, or completely different. ΔE is a distance vector in the color space, and his value
determines the difference between two measures. Color differences (ΔE) were calculated
according to the following formula:

ΔE (β − α) = [ (L ∗β − L ∗α)2 + (a ∗β − a ∗α)2 + (b ∗β − b ∗α)2 ]0.5 (14)

where α and β represent alternatively the mean color values of different treatments. ΔE lab
is a single number that represents the ‘distance’ between two given colors, and this distance
is proportional to the perceptual difference between them [42]. A standard observer
perceives the differences in color presented above as follows:

• 0 < ΔE < 1—observer does not notice the difference

• 1 < ΔE < 2—only experienced observer can notice the difference

• 2 < ΔE < 3.5—unexperienced observer also notices the difference

• 3.5 < ΔE < 5—clear difference in color is noticed

• 5 < ΔE—observer notices two different colors

2.7.4. Sensory Analysis

Fifty fish collected from tanks fed the CTRL, PAP, and NoPAP diets were slaughtered
and shipped packed in ice to a specialized laboratory for sensory analysis.

All tests took place at sense test—society for the study of sensory analysis of food
products (Porto, Portugal), in a specific tasting room for sensory testing of food products
(ISO 8589 sensory analysis—general guidance for the design of test rooms), and were
performed by a panel of 100 individuals accustomed to the products being tested. Thus, the
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effects of physiological factors and physical conditions on human judgment were reduced.
All features and products were analyzed using close to natural light (6500 K). Before each
test session, a preliminary explanation was given to the tasters on the conditions and rules
of the sensory test. Moreover, all rules were handed out with the proof sheets.

The trout fillets were baked in the oven for approximately 12 min at 170 ◦C, and a
small portion was served to each taster. Each sample was served on a white dish. In the
tasting booth, a knife, a fork, paper napkins, a glass of water, a spittoon, and crackers were
available to the tasters. The tasters were told that the crackers should only be used between
tasting sessions in order to easily remove the taste from the mouth.

After tasting, each tester answered a questionnaire in which the parameters appear-
ance, odor, taste, and texture, as well as global acceptance of the flesh, were evaluated. The
evaluation consisted of giving scores from 1 to 9, where 1 referred to “extremely disliked”
and 9 referred to “extremely liked”. Means and standard deviations from the scores given
were calculated, and statistical analysis was performed as described in item 2.9.

2.8. Extrapolation of Trial Results Using a Nutrient-Based Model

The results obtained in the in vivo trial were extrapolated in silico using the FEEDNETICSTM

nutrient-based model (software; FEEDNETICS, 2022, Olhão, SPAROS) [43]. The main objec-
tive of this application was to evaluate the long-term impact of the experimental diets on the
zootechnical and economic performance of rainbow trout cultivated under commercial-like
farming conditions.

2.8.1. Model Validation for Trial Conditions

Before running extrapolation scenarios, the model was validated for the conditions in
which the trial was conducted in order to assess whether the fish performance predicted
by the model is consistent with the observations made in the trial. This gives additional
confidence in the robustness of the model in predicting the nutritional effects of the experi-
mental diets under other farming conditions. In addition, it allows us to infer if there are
any potential factors not considered by the model that could affect fish performance.

The model validation was performed at the tank level, where the input data considered
to run the model were based on measurements/analyses performed during the trial (i.e.,
daily number of fish, initial average fish weight, daily water temperature, daily amount of
feed, and diet composition). The model results and robustness were evaluated qualitatively,
through visual inspection of the model behavior over time in comparison with point
observations made during the trial, and quantitatively, by estimating the mean absolute
percentage error (MAPE) between the model predictions and point observations (i.e.,
performed in sampling days), as follows:

MAPE(%) =
100
n

n

∑
i=1

∣∣∣∣Pi − Oi
Oi

∣∣∣∣ (15)

where
n is the number of predicted-observed value pairs.
Pi is the predicted value.
Oi is the observed value.

2.8.2. Fish Performance under Commercial-like Farming Conditions:
Extrapolation Scenarios

Extrapolation scenarios of rainbow trout fed the experimental diets were run with
the model, considering hypothetical farming conditions close to what can be found in
commercial settings. As a base scenario, we considered an initial average body weight of
50 g, an initial number of fish of 20,000 individuals, and a monthly mortality rate of 1%
over the entire simulation period. In each scenario, the feeding rates used by the model
were based on a common feeding table adjusted for rainbow trout. Data on diet proximate
composition and digestibility were defined based on the analyzed/measured values, while
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data on diet amino acid profile and price were defined based on values estimated from the
dietary ingredient composition. For each diet (i.e., CTRL, PAP, NoPAP, NoPAP+, PAP−),
two extrapolation scenarios were run: one considering a constant temperature of 12 ◦C and
the other considering a constant temperature of 16 ◦C. In total, 10 extrapolation scenarios
were run, and their results were evaluated considering a harvest fish weight of about 400 g.
Table 2 presents a brief overview of the input data used to run this model application.

Table 2. Input data used to run the extrapolation scenarios in silico with the FEEDNETICSTM software.

Category Inputs

Farming
conditions

Initial body weight: 50 g
Initial number of fish: 20,000

Mortality rate: 1%/month

Diet
properties

Price * (% of change in relation to CTRL)
Proximate composition: analyzed

values
Digestibility: measured values

Amino acid profile: estimated values
Fatty acid profile: default values

CTRL 0.0%

NoPAP +22.92%

NoPAP+ +48.53%

PAP −11.78%

PAP− −6.70%

Feeding
regime

Number of meals: 2 meals/day
Feeding type: feeding table

Feed waste: 0%

Temperature Daily water temperature: constant profiles of 12 ◦C and 16 ◦C
* Diet price data was entered in the software as €/ton, but for convenience, these values are presented here as % of
change in relation to CTRL.

2.9. Statistical Analysis

The data are presented as the mean of four replicates ± standard deviation. Prior to
ANOVA or ANCOVA for body indexes NP K-W, values expressed as percentages were
subjected to the arcsin square root transformation. Statistical significance was tested at the
0.05 probability level. Statistical tests for growth performance, lysozyme, digestibility, and
all analytical methods were performed using the R software (R version 4.1.0; R Core Team,
2021), and flesh quality analysis was performed using STATISTICA (version 13, TIBCO
Software Inc., Palo Alto, CA, USA). Regarding the sensory panel analysis, the Wilcoxon
non-parametric test was applied to compare the samples pair-wise.

3. Results

3.1. Growth Performance

The results on the growth performance of fish fed the experimental diets are presented
in Table 3. Final body weight (FBW) ranged between 291.9 ± 7.3 g and 335.6 ± 6.2 g. This
means an individual weight gain of over 200 g compared to their initial body weight (IBW).
The NoPAP+ and PAP diets led to better growth in terms of weight gain and relative growth
rate (RGR) compared to the CTRL diet, whereas no significant differences were registered
between fish fed the CTRL, NoPAP, and PAP− diets. Fish fed the PAP- and NoPAP+ diets
showed the worst and the best feed conversion ratio (FCR), respectively, both significantly
different (p < 0.05) from the other dietary treatments. The verified feed intake (VFI) was
significantly higher in the low-protein diet and lower in the CTRL. Protein efficiency ratio
(PER) was lower in diets with PAPs. No significant differences (p > 0.05) were found in the
whole-body composition of fish in terms of moisture, ash, crude protein, crude fat, energy,
or phosphorus (Table S3).
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Table 3. Growth performance and feed utilization of rainbow trout fed the experimental diets for 91
days.

Growth Parameters CTRL NoPAP NoPAP+ PAP PAP− p

IBW (g) 58.2 ± 1.81 58.1 ± 1.43 58.6 ± 1.38 59.4 ± 1.40 59.9 ± 0.69 0.342

FBW (g) 292 ± 7.25 c 297 ± 11.3 bc 336 ± 6.17 a 309 ± 5.30 b 297 ± 4.45 bc <0.001

Weight gain (g) 234 ± 5.97 c 239 ± 10.0 bc 277 ± 4.79 a 250 ± 4.70 b 237 ± 3.95 bc <0.001

RGR (%BW/day) 1.79 ± 0.02 c 1.8 ± 0.02 bc 1.94 ± 0.01 a 1.83 ± 0.02 b 1.78 ± 0.01 c <0.001

FCR 0.82 ± 0.01 b 0.84 ± 0.02 b 0.76 ± 0.01 c 0.83 ± 0.01 b 0.87 ± 0.01 a <0.001

VFI (%/day) 1.46 ± 0.03 c 1.51 ± 0.02 ab 1.48 ± 0.01 bc 1.52 ± 0.01 ab 1.55 ± 0.01 a <0.001

PER 3.09 ± 0.04 a 3.04 ± 0.06 ab 3.04 ± 0.03 ab 2.90 ± 0.05 bc 2.99 ± 0.01 bc <0.001

Survival (%) 100 ± 0.00 98.5 ± 1.91 98.0 ± 1.63 99.5 ± 1.00 99.0 ± 2.00 0.306

Values are presented as mean ± SD. Different letters indicate significant differences (one-way ANOVA, p < 0.05;
Tukey post hoc test, n = 4).

3.2. Nutrient Retention

The results of crude protein, crude fat, and energy retention in fish fed the experimental
diets are shown in Table 4. Fish fed new-formulated diets did not present significant
differences in crude fat and energy retention (p > 0.05). However, fish fed the PAP and
PAP− diets presented significantly lower (p < 0.05) crude protein retention when compared
to fish fed the CTRL diet.

Table 4. Nutrient and energy retention of rainbow trout fed the experimental diets for 91 days.

Retention
(% of Intake)

CTRL NoPAP NoPAP+ PAP PAP− p

Crude Protein 48.1 ± 2.6 a 43.7 ± 0.7 ab 46.5 ± 1.3 ab 42.8 ± 1.2 b 43.1 ± 3.1 b 0.020

Crude Fat 75.6 ± 6.7 65.6 ± 6.2 71.1 ± 5.8 69.8 ± 1.4 68.6 ± 3.1 0.271

Energy 47.2 ± 2.7 44.1 ± 2.3 47.8 ± 2.2 47.5 ± 1.0 42.9 ± 1.2 0.065
Values are presented as mean ± SD. Different letters indicate significant differences (one-way ANOVA, p < 0.05;
Tukey post hoc test, n = 4).

3.3. Apparent Digestibility Coefficients

The apparent digestibility coefficients (ADCs) of the experimental diets are presented
in Table 5. Fish fed the PAP− diet presented significantly lower digestibility for crude
protein and total phosphorus (Total P) when compared to fish fed the other diets. On
the other hand, fish fed the NoPAP+ and PAP diets had significantly higher crude fat
digestibility when compared to fish fed the CTRL diet, while significantly higher energy
digestibility was observed in fish fed PAP when compared to fish fed the CTRL and
PAP− diets.

Table 5. Apparent digestibility coefficients (ADCs) of rainbow trout fed the experimental diets for
91 days.

Digestibility (%) CTRL NoPAP NoPAP+ PAP PAP− p

Crude protein 89.2 ± 0.1 a 88.9 ± 0.5 a 89.8 ± 0.3 a 90.3 ± 0.7 a 86.2 ± 1.3 b <0.001

Crude fat 97.8 ± 0.5 b 98.8 ± 0.1 a 98.2 ± 0.3 ab 98.7 ± 0.2 a 98.2 ± 0.5 ab 0.01

Energy 82.3 ± 1.6 b 84.4 ± 1.1 ab 83.3 ± 1.2 ab 86.1 ± 1.2 a 81.4 ± 1.6 b 0.002

Total P 42.1 ± 4.7 a 48.1 ± 2.8 a 51.5 ± 2.6 a 63.7 ± 3.5 a 47.1 ± 4.5 b <0.001

Values are presented as mean ± SD. Different letters indicate significant differences (one-way ANOVA, p < 0.05;
Tukey post hoc test, n = 4).
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3.4. Lysozyme

Lysozyme analysis presented different results among dietary treatments (Figure 2).
Fish fed the NoPAP diet presented a significantly higher (p < 0.05) concentration (U/mL)
of plasma lysozyme when compared to fish fed the CTRL, NoPAP+, and PAP diets.

Figure 2. Lysozyme concentration (U/mL) in trout plasma after experimental period. Different letters
indicate significant differences (one-way ANOVA, p < 0.05; Tukey post hoc test, n = 4).

3.5. Viscerosomatic Measurements

The mean weight of the liver, mesenteric fat, and gastrointestinal tract of rainbow trout
fed the experimental diets is represented in Figure S1. These values, when added together,
represent roughly the whole visceral weight of a fish. Using final body weight (FBW) as a
predictor, an ANCOVA on organ and tissue weight was performed. The mean liver weight
was significantly higher (p < 0.05) in fish fed the PAP diet (3.43 ± 0.64 g) in relation to
fish fed the NoPAP, NoPAP+, and CTRL diets, being that the last one registered the lower
mean liver weight (2.99 ± 0.71 g). A similar trend is evident in the mean gastrointestinal
tract weight, where the fish fed the PAP diet had the highest value (25.7 ± 4.95 g) and
were significantly different from fish fed the NoPAP and NoPAP+ diets, which registered
22.04 ± 6.18 g and 22.65 ± 3.50 g, respectively. No significant differences were observed in
the quantity of mesenteric fat between dietary treatments.

The main morphological indexes are shown in Table 6. Morphological differences
are mainly detected where carcass yield (CY) differs between diets. Fish fed the CTRL
and NoPAP+ diets presented significantly higher (p < 0.05) carcass yields compared to
fish fed the other diets. Moreover, it should be pointed out that significant differences
(p < 0.05) are notable between CTRL/NoPAP+ and PAP−/PAP groups by mean ANOVA
analysis followed by LSD Fisher post hoc comparisons. The viscerosomatic index (VSI)
is inversely related to CY. This explains a significantly higher (p < 0.05) VSI for fish fed
the PAP and PAP− diets compared to fish fed the CTRL and NoPAP+ diets. The same
goes for hepatosomatic index (HSI), where fish fed the CTRL and NoPAP+ diets showed
significantly lower values (p < 0.05) compared to fish fed the PAP and PAP− diets.

3.6. Fillet Quality
3.6.1. Fillet Texture

Textural features were measured 24 h after post-mortem on 100 fillets by texture profile
analysis (TPA) using a Zwick Roell® 109 texturometer (Ulm, Germany). Outliers were
removed from the dataset by Grubb’s Test, and then a K-W ANOVA was performed. The
data are presented in Table 7. The majority of variables (hardness, cohesiveness, resilience,
and gumminess) did not show significant differences (p > 0.05) between the experimental
diets, whereas statistical differences were observed in adhesiveness. Control and NoPAP+
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diets obtained the highest value with 0.44 Nmm, in contrast with PAP−, which obtained
the lowest value with 0.33 Nmm. Applying a multiple comparison test (mean of ranks),
control differs from PAP and PAP- diets, but NoPAP+ differs only from PAP− due to the
higher SD.

Table 6. Morphological indexes of carcass yield (CY), hepatosomatic index (HSI), mesenteric fat index
(MFI), and viscerosomatic index (VSI) of rainbow trout fed the experimental diets for 91 days.

Indexes CTRL NoPAP NoPAP+ PAP PAP− p

CY (%) 90.5 ± 1.3 a 90.3 ± 1.2 ab 90.5 ± 1.1 a 89.5 ± 0.1 b 89.7 ± 1.1 b 0.0209

HSI (%) 0.91 ± 0.1 b 0.99 ± 0.1 ab 0.94 ± 0.09 b 1.04 ± 0.10 a 1.04 ± 0.12 a <0.001

MFI (%) 1.5 ± 0.5 1.5 ± 0.4 1.7 ± 0.66 1.6 ± 0.56 1.7 ± 0.47 0.72

VSI (%) 9.5 ± 1.3 b 9.7 ± 1.2 ab 9.53 ± 1.1 b 10.4 ± 0.9 a 10.32 ± 1.1 a 0.0209

Values are presented as mean ± SD. Different letters indicate significant differences (ANCOVA, p < 0.05; Fisher
LSD post hoc tests, n = 20).

Table 7. Texture profile analysis of fillet of rainbow trout fed the experimental diets for 91 days.

Texture Parameters CTRL NoPAP NoPAP+ PAP PAP− p

Hardness (N) 6.46 ± 1.79 6.93 ± 2.13 6.32 ± 1.47 6.56 ± 2.05 5.89 ± 1.88 0.604

Cohesiveness 0.22 ± 0.04 0.24 ± 0.04 0.23 ± 0.03 0.22 ± 0.04 0.21 ± 0.03 0.345

Resilience 0.04 ± 0.02 0.05 ± 0.02 0.04 ± 0.02 0.05 ± 0.02 0.04 ± 0.02 0.493

Adhesiveness (Nmm) 0.44 ± 0.10 a 0.39 ± 0.08 abc 0.44 ± 0.13 ab 0.36 ± 0.09 bc 0.33 ± 0.06 c <0.001

Gumminess (N) 1.45 ± 0.51 1.66 ± 0.53 1.43 ± 0.41 1.50 ± 0.60 1.26 ± 0.46 0.233

Values are presented as mean ± SD. Different letters indicate significant differences (K-W ANOVA, p < 0.05;
multiple comparisons of mean ranks—p value 2-tailed, n = 19–20).

3.6.2. Fillet Color

Color parameters (CIELab values) are significantly different (p < 0.05) among dietary
treatments (Table 8). The lightness (L*) of the flesh of fish fed the CTRL and NoPAP+ diets
is similar and significantly lower (p < 0.05) than those of the other three diets (NoPAP, PAP,
and PAP−). However, it is possible to discriminate the flesh color related to the NoPAP+
from the CTRL diet by the indexes of red (a*) and yellow (b*), both higher in the former than
in the latter. Moreover, the red index is rather high for fish fed the PAP− diet too, and it is
significantly different (p < 0.05) from the CTRL and NoPAP dietary treatments. In terms of
the CIE L*C*h color system, the NoPAP+ and PAP− dietary treatments registered the highest
chroma value (or color saturation), but their hue differs clearly between them due to the b*
index. This shows us that the flesh color of fish fed the NoPAP+ diet segregates from the other
diets since it is in a different quarter of the color space (+b* quarter vs. –b* quarter).

Table 8. Color analysis of fillet of rainbow trout fed the experimental diets for 91 days.

Colour Parameters CTRL NoPAP NoPAP+ PAP PAP− p

L* 43.19 ± 1.93 c 43.90 ± 2.19 b 42.65 ± 1.49 c 44.12 ± 1.73
ab 44.55 ± 1.49 a p < 0.001

a* 2.18 ± 1.19 d 2.48 ± 1.22 cd 3.87 ± 1.97 a 2.68 ± 1.36 bc 3.02 ± 1.43 b p < 0.001

b* −0.19 ± 1.70
bc

−0.01 ± 1.87
b 0.92 ± 2.38 a −0.27 ± 1.49

bc −0.68 ± 1.41 c p < 0.001

Chroma 2.79 ± 1.14 b 3.04 ± 1.35 b 4.41 ± 2.44 a 3.09 ± 1.33 b 3.48 ± 1.23 a p < 0.001

Hue (rad) −0.26 ± 0.67
b

−0.21 ± 0.61
b 0.01 ± 0.48 a −0.22 ± 0.52

b
−0.35 ± 0.47

b p < 0.001

Values are presented as mean ± sd. Different letters indicate significant differences (one-way ANOVA, p < 0.05;
Fisher LSD post hoc tests, n = 20).
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As shown in Table 9, an unexperienced observer may notice a difference in the flesh
color of rainbow trout fed the NoPAP+ diet in relation to the other experimental diets.
However, this analysis indicates that it would be more difficult to perceive the difference
induced by the CTRL diet compared to the PAP and PAP− diets, as well as the difference in-
duced by the NoPAP diet compared to the PAP− diet. Only the instrumental measurement
can discriminate between the other matches.

Table 9. Total color differences (ΔE Lab) in CIELab color space presented as pairwise comparisons.
ΔE < 1—observer does not notice the difference (white background colour), 1 < ΔE < 2—only expe-
rienced observer can notice the difference (green background colour), 2 < ΔE < 3.5—unexperienced
observer also notices the difference (yellow background colour).

ΔE Lab CTRL NoPAP+ NoPAP PAP PAP−
CTRL

NoPAP+ 2.09

NoPAP 0.79 2.09

PAP 1.06 2.23 0.39

PAP− 1.68 2.63 1.08 0.69

To understand how the colors are different, we can say that a pale gray, pink, or brown
color is one feature of the flesh of farmed rainbow trout fed without carotenoids. The
instrumental data and the main color indexes suggest that CTRL, PAP, and NoPAP diets
range close to this target, whereas a mild pink/orange pigmentation of fillets was observed
in the flesh of rainbow trout fed the NoPAP+ diet compared to the other dietary treatments.
In contrast with the NoPAP+ treatment, the lack of yellow (b*) in the flesh of fish fed the
PAP− diet results in a shift of hue from orange to purple/blue in the eyes of an observer.
To conclude, rainbow trout fed the CTRL, PAP, and NoPAP diets showed a flesh color that
could be considered by consumers to be more natural in appearance. A visual comparison
can be made between the pictures below (Figure 3).

3.7. Sensory Analysis

Sensory analysis of baked rainbow trout revealed few differences, resulting in high
general acceptance by consumers (Table 10). Consumers considered that fish fed the NoPAP
diet had better texture than fish fed the PAP diet, which consequently is reflected in the
higher global acceptance of fish fed the NoPAP diet.

3.8. Extrapolation of Trial Results Using a Nutrient-Based Model
3.8.1. Model Validation for Trial Conditions

The validation results (Figure S2) indicate that the model is able to predict the growth
pattern of rainbow trout fed the experimental diets over the 91-day trial period, presenting
an overall MAPE of 11.2%. Nevertheless, it should be pointed out that for all tanks, the
model tends to consistently underestimate fish growth by a similar magnitude. As the
model calibration used in this application is generic for rainbow trout, these deviations
can be associated with strain/population effects. In this case, the fish used in the in vivo
trial may be slightly more efficient at retaining nutrients due to genetic differences than
the generic model calibration for rainbow trout considers. Given this, and since the
deviation between the predicted and observed values presents a similar magnitude between
diets and tanks, we decided to run the extrapolation scenarios for all diets without any
special concerns.

3.8.2. Fish Performance under Commercial-like Farming Conditions:
Exploitation Scenarios

Table 11 shows the results of the extrapolation scenarios, generated in silico with
the FEEDNETICSTM model, of rainbow trout cultivated under commercial-like farming
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conditions at two constant temperatures, i.e., 12 ◦C and 16 ◦C. The results are presented for
the time point at which fish reach an average harvest weight of about 400 g.

Figure 3. Each picture shows a subsample of fillets analyzed by colorimeter and CIE Lab method.

Table 10. Sensory analysis of fillet of rainbow trout fed the experimental diets for 91 days.

Sensory Analysis CTRL PAP NoPAP p

Appearance 7.8 ± 1.3 8.0 ± 1.0 8.0 ± 1.0 0.106

Odor 7.9 ± 1.1 7.9 ± 1.0 8.0 ± 0.9 0.932

Texture 7.9 ± 1.2 ab 7.9 ± 1.1 b 8.1 ± 0.9 a 0.009

Taste 7.0 ± 1.2 7.9 ± 1.1 8.1 ± 0.9 0.898

Global acceptance 7.9 ± 1.0 ab 7.9 ± 0.9 b 8.1 ± 0.7 a 0.043
Values are presented as mean ± SD. Different letters indicate significant differences (one-way ANOVA, p < 0.05;
Tukey post hoc test, n = 100).

For both temperature scenarios, the model suggests better performance in terms of
growth and feed conversion when fish are fed the PAP and NoPAP+ diets. Surprisingly, the
NoPAP diet presented the highest FCR, even outperforming the CTRL diet at 12 ◦C. When
looking at economic performance (economic conversion ratio—ECR) and nutrient waste
indicators (total N and P waste), the figures change dramatically. In economic terms, both
the CTRL and PAP diets are the most cost-efficient, with impressively lower feeding costs
of up to 36% compared to the other diets. Regarding nutrient waste, for both temperature
scenarios, the PAP− diet results in the lowest total N waste, while the NoPAP+ diet results
in the lowest total P waste. Overall, the greatest negative impacts in terms of N and P waste
are induced by the CTRL and NoPAP diets.
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Table 11. Results of the extrapolation scenarios run in silico with the FEEDNETICSTM software,
representing fish fed the experimental diets under commercial-like farming conditions at two constant
temperatures (12 ◦C and 16 ◦C). All results are relative to the time point at which fish reach an average
harvest weight of about 400 g.

12 ◦C 16 ◦C

Indicator Unit CTRL NoPAP NoPAP+ PAP PAP− CTRL NoPAP NoPAP+ PAP PAP−
Time to
reach
400 g

days 176
(0.0%)

179
(+1.7%)

160
(−9.1%)

158
(−10.2%)

166
(−5.7%)

139
(0.0%)

140
(+0.7%)

127
(−8.6%)

129
(−7.2%)

134
(−3.6%)

Growth
rate %/day 1.19

(0.0%)
1.17

(−1.6%)
1.31

(+9.9%)
1.33

(+11.7%)
1.27

(+6.3%)
1.52

(0.0%)
1.50

(−1.0%)
1.66

(+9.6%)
1.63

(+7.5%)
1.57

(+3.5%)

Feed
conver-

sion
ratio

(FCR)

g
feed/g
weight

gain

1.19
(0.0%)

1.21
(+1.4%)

1.08
(−9.3%)

1.04
(−12.2%)

1.10
(−7.3%)

1.00
(0.0%)

1.00
(+0.5%)

0.90
(−9.4%)

0.90
(−9.4%)

0.94
(−5.3%)

Economic
conver-

sion
ratio

(ECR)

- -
(0.0%)

-
(+25.0%)

-
(+34.8%)

-
(−2.3%)

-
(−13.8%)

-
(0.0%)

-
(+22.9%)

-
(+33.7%)

-
(+0.6%)

-
(−12.3%)

Total N
waste

kg
N/ton

biomass
gain

52.14
(0.0%)

52.60
(+0.9%)

51.14
(−1.9%)

46.09
(−11.6%)

44.51
(−4.6%)

39.82
(0.0%)

39.68
(−0.3%)

38.95
(−2.2%)

36.67
(−7.9%)

34.67
(−12.9%)

Total P
waste

kg
P/ton

biomass
gain

8.96
(0.0%)

8.25
(−7.9%)

6.53
(−27.1%)

7.28
(−18.8%)

7.75
(−3.4%)

7.63
(0.0%)

6.58
(−13.8%)

4.99
(−34.6%)

6.41
(−6.0%)

6.75
(−11.5%)

Inside parenthesis is the percentage change in relation to CTRL in each respective unit.

4. Discussion

This study is part of the GAIN project, in which a high diversity of novel alternative
sources to FM, FO, and traditional vegetable ingredients were tested in trout feeds. It shows
new insights for the inclusion of a combination of circular economy-driven ingredients for
trout farming. Within the GAIN project, these novel formulation concepts were further
tested in gilthead seabream [44], turbot [45], European seabass [46], and Atlantic salmon
(in prep.). The results presented thus far support the hypothesis that using a combination
of sustainable ingredients is a viable formulation concept, as for some of the tested formu-
lations, no negative effects on fish performance or consumer acceptance were observed.
Due to the complexity of the diet formulations tested in this study, it is difficult to make
direct comparisons with other published studies, as most of them focused on evaluating
one single ingredient at a time. Therefore, we will largely focus this discussion on other
GAIN outputs.

4.1. Growth and Feed Performance

In the present study, rainbow trout kept the same growth pattern on the CTRL diet
when fed diets containing low amounts of processed land animal proteins (PAP-) or without
land animal proteins (NoPAP). These results corroborate findings reported by [11,47],
where rainbow trout fed moderate amounts of poultry meal and insect meal showed good
acceptance by fish. Additionally, trout presented better performance once fed improved
versions of these diets, namely when fed NoPAP+ and PAP diets. The values of FCR,
weight gain, and final body weight were generally better in fish fed the NoPAP+ diet when
compared to the other diets. Thus, the quality and quantity of the novel ingredients used
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to replace FM and FO may have contributed to the increase in weight gain and relative
growth rate (RGR) in trout fed with these two diets.

Furthermore, turbot-fed diets with the same concept of circular economy-driven ingre-
dients showed no difference in FCR [43]. However, seabass fed NoPAP diets showed lower
final body weight and similar weight gain when fed NoPAP+ compared to control [44]. On
the other hand, sea bream tends to behave like turbot and do not present huge differences in
growth performance parameters when fed sustainable ingredients [42]. This is also in line
with the good results obtained previously with PAP-rich and alternative plant formulations
for gilthead seabream [41], but a diet similar to the NoPAP diet led to poorer performance.
Thus, different fish species may have different performance when fed complex alternative
formulations such as those tested in the GAIN project.

In the present study, crude protein retention was lower in trout fed the PAP and
PAP– diets when compared to the CTRL diet. Although diets that include proteins from
land animals tend to be well accepted by fish [48], some studies have reported that the
replacement of 20% of FM by poultry protein concentrate led to lower protein retention in a
barramundi experiment [49]. Back to the present work, we can link protein retention with
two other parameters. One is the protein efficiency ratio (PER), which was lower in the
PAP-fed group, and the second is the digestibility of protein, which was lower in PAP− fed
group. There are many factors that can influence the digestibility and nutritional value of
land animal proteins, such as the processing methods used to treat PAPs in general, which
can affect their nutritional quality, consequently leading to lower digestibility [49]. Another
possible explanation may be related to the fact that these two diets, PAP and PAP−, have
been formulated with higher contents of whole peas (20.8% and 31.8%, respectively). In
contrast to pea protein concentrates, which can easily replace FM in salmon and seabream
diets [29,50,51], whole peas are not subjected to pre-treatment before being used in fish
feeds. Whole plant ingredients have a high fiber content, which is considered to be an
antinutritional factor [52]. This same author reports that raw/whole pea protein is less
digestible by rainbow trout when compared to a reference diet containing soy bean meal.
Therefore, the combination of PAPs and high-quality whole peas could be the reason behind
the lower performance of fish fed the PAP and PAP− diets in the present study. Still, we
cannot conclude that the diets rich in processed land animal proteins have a negative
effect on trout, as the growth performance was good and there was a complex mixture of
ingredients in the diets tested. However, it may be speculated that if a higher quality of
processed land animal proteins and/or a lower whole pea inclusion were used, an even
higher performance may have been registered.

4.2. Welfare Indicators

It is important to mention that a lower digestibility of protein can lead to a lower
digestibility of energy. This fact can be clearly seen in Table 4 with fish fed the PAP− diet.
Thus, there is a clear unbalanced digestibility that might be leading to differences in some
welfare indicators, such as the hepatosomatic index (HSI) and the viscerosomatic index
(VSI). In the case of this study, higher values for HSI and VSI were found in fish fed both
PAP and PAP- diets when compared to the CTRL and NoPAP+ diets. On the contrary,
fish fed these same diets showed lower carcass yield (CY) when compared to the CTRL
and NoPAP+ diets. In the case of seabass fed diets with the same concepts, the VSI was
lower when compared to the control, although the HSI was not statistically different [44].
In addition, turbot fed with a mix of ingredients also presented a lower value when fed
a PAP diet when compared to control fish [43]. The values that were found in this study
for these indexes are in congruence with other findings from the literature [53]. Even as
a welfare indicator, the discrepancy observed between treatments should not be taken as
a bad or good result but only as differences reflecting disparate diet formulations, which
may also represent adaptation to them.

It is commonly accepted that HSI provides an indication of the status of energy reserves
and of the general metabolic activity of fish, and HSI values not exceeding 2% are generally
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associated with good hepatic functionality [43,44,53]. In the present study, all the HSI
indexes ranged from 0.90 to 1.03%, well below this limit. Nonetheless, it must be noted that
HSI values were significantly lower in all dietary groups containing a high concentration of
vegetal ingredients (CTRL, NoPAP, and NoPAP+). A decrease in HSI might be attributed to
reduced liver fat content. Randazzo et al. [47] reported a higher presence and distribution
of lipids, fatty acids, and glycogen in the liver of rainbow trout fed graded levels of insect
or poultry meal compared to fish fed a vegetable-rich diet.

Lysozyme is an important bactericidal enzyme of the humoral immune system, and
it is considered a biomarker of the humoral response in fish [54]. In this study, it was
possible to observe that the amount of lysozyme was markedly higher in trout fed the
NoPAP diet than in trout fed the CTRL, NoPAP+, and PAP diets. The increase in serum
lysozyme has been linked with the inclusion of some dietary ingredients in trout feeds,
such as probiotics [55,56], fermented lupin [57], and seaweeds [58]. It is difficult to explain
the increase in lysozyme due to the complexity of the formulations and the high number
of ingredients used. Still, the presence of seaweed and microbial biomass may have
contributed to this. However, no difference was found in the other diets tested where
seaweeds and microbial biomass were added at the same level. Moreover, lysozyme levels
tended to maintain similar values in seabass [44] fed diets in the same formulation context.
In any case, other humoral parameters would be needed to confirm the putative effect
of the NoPAP diet on trout innate immunity. Still, a diet with the NoPAP concept fed to
gilthead seabream was shown to affect the expression of at least four genes (in the intestine
or head kidney) involved in immune responses [42].

4.3. Fillet Analysis

Flesh color is one of the major quality attributes of farmed trout, which is generally
marketed as pigmented (red) or non-pigmented (white) flesh. Salmonids depend on
dietary supplements of pigments to achieve muscle color; in fact, they cannot synthesize
carotenoids de novo [59]. Trout produced with diets containing no added pigments present
a lower C* value and an increased L* than pigmented fish, and flesh color is expected to
be white, grey, off-white, or pale pink, like the fillets of fish fed with CTRL, NoPAP, PAP,
and PAP− diets. Conversely, increased dietary carotenoid levels implicate the increment of
average values of a* and b* and a decrement of L* in the muscle, as measured in the fish
samples from the NoPAP+ group and stated by numerous authors [60–63]. Carotenoids
(β-carotene, astaxanthin) and yellow xanthophylls (lutein and zeaxanthin) are molecules
widespread both in terrestrial vegetables and seaweeds [64], so the variation of color
measured in NoPAP+ may be attributed to high proportions of the vegetable ingredients,
particularly pea protein and starch. Color differences between fish fed NoPAP+ and other
diets are confirmed by ΔE; spatial distances underline that consumers could perceive a
difference in color (2 < ΔE < 3.5) [42].

The TPA analysis did not show significant differences between the diets and excluded
the adhesiveness parameter, but in the samples “pressure sensitive” like fish meat, harder
products also create more pressure between the product and the base and thus may also
create an improved bond (apparent adhesion) [65]. Anyway, NoPAP fillets achieved higher
values for nearly all the measured variables (except adhesiveness). It is interesting to note
that the consumer panel discriminates against No PAP compared to other samples, and
this sample had the best score for textural features after cooking. The effect of cooking on
salmonid flesh is not clear; some authors reported a decline in hardness [66,67] and others an
increase [68,69]. Nevertheless, the reason why consumers perceived differences in textural
features in line with the laboratory analysis is not clear and should be investigated [70,71].

4.4. Sensory Analysis

Despite the good performance of fish after being fed with these alternative ingredients,
there are still concerns for the final consumer regarding their use in aquafeeds. These
concerns range from the taste, appearance, and texture of the fish to zoonotic and risk
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assessment worries [72]. In the present study, we aimed to evaluate consumer acceptance
of the fillet after feeding the fish for 91 days with the tested diets. Results showed that
overall, people accepted the fillet of fish fed the NoPAP diet better than the group fed the
PAP diet. Interestingly, these fish were the ones that presented, in general, better growth
performance when compared to fish fed the PAP diets. Moreover, it is difficult to point out
one single explanation for this, but it is important to highlight that PAP diets contained
high quantities of land animal processed protein, such as feather meal and blood meal, that
could have affected the texture attributes assessed here. On the other hand, differences
in taste, appearance, and odor were not observed by the consumers participating in this
analysis. In accordance with this, sensory analyses made in the laboratory were assessed
by Petereit et al. [44] in seabass fed the same circularity concept diets. No differences were
observed in consistency, frozen fat separation, protein separation, juice separation, or taste.

4.5. Long-Term Prediction FEEDNETICSTM

The extrapolation scenarios run in FEEDNETICSTM show that the experimental diets
have, in zootechnical terms, the potential to substitute current typical commercial diets
(such as the CTRL diet). However, the high prices of some ingredients make some of them
still an unviable option in economic terms. For example, the NoPAP and NoPAP+ diets lead
to up to 38% higher feeding costs, which may compromise their use on a commercial scale.
However, due to the lower cost of ingredients, the PAP and PAP− diets can lead to reduced
feeding costs by up to 13.8% compared to the CTRL diet. Therefore, one of the most critical
aspects of enabling the widespread adoption of alternative diet formulations, such as those
presented in this paper, definitely involves reducing the costs of some novel ingredients.
This challenge is fundamental and a high priority for the industry, as, when overcome, it
will allow faster progress towards a more sustainable intensification of aquaculture. In
addition, it may also be pointed out that the present analysis was performed taking current
ingredient prices into consideration. Future price changes can rapidly make the figures
presented here obsolete. Thus, this type of economic analysis is something that should be
done regularly, taking into account the specificities of each farm/system.

These results put the use of novel diets under commercial farming conditions into
perspective. In the first place, it is important to highlight that the relative performance of
diets may change considerably with the farming conditions considered. This means that
the diet that induces the best performance at a given temperature profile and/or when
considering a given mortality rate may not be the same when these conditions change. In
second place, it should be noted that while one diet can outperform on some important
indicators (e.g., growth rate and feed conversion), it can also underperform on other, no less
important ones (e.g., economic conversion and nutrient waste). The overall performance of
diets is, in most cases, context-dependent, and the selection of one over the other may also
differ from system to system (e.g., flow-through or RAS), as the specificities and limitations
between them are distinct. Nevertheless, from the overall analysis of these results, it can be
said that currently the PAP and PAP− diets seem to be viable alternatives to the CTRL diet
(mimicking a typical commercial diet), as they present similar or even better performance
in several aspects (i.e., zootechnical, economic, and environmental).

5. Conclusions

The findings of this research provide insights for the use of emerging ingredients in
trout farming, covering important aspects in terms of zootechnical performance, welfare,
and consumer acceptance. In general, it can be stated that trout accepted well the new
formulations containing a wide range of emerging ingredients. Minor differences were
detected in growth performance and feed conversion, but even the lowest values are still
within a good performance range.

A limitation of this study is related to the fact that the formulation concepts were
based on the use of a combination of different emerging ingredients rather than a classical
FM replacement study with a single ingredient. Thus, the results of some indicators are

115



J. Mar. Sci. Eng. 2023, 11, 1135

hard to relate to single ingredients and consequently difficult to compare with other studies
already published.

Since feeds interfere directly with the fish flesh's color, texture, and odor, sensory
analysis is crucial to detecting consumer acceptance since they are strong drivers for
consumer decisions. In the present study, consumers preferred the odor of fish fed the
NoPAP diet. However, general acceptance did not show statistical differences. These
findings suggest that the diets did not interfere with consumer acceptance.

Some emerging ingredients still have high prices or low availability in the market,
making them unfeasible options for use on an industrial scale. The long-term prediction
using the FEEDNETICSTM tool showed that the economic conversion ratio as well as
formulation costs were favorable in diet PAP−, in comparison to the CTRL diet. However,
as mentioned above, future changes in ingredient prices may rapidly change the outcomes
of the economic analysis presented here. Performing analysis of this kind on a regular
basis is advisable. This is something that can be done easily with prediction tools based on
mathematical models like FEEDNETICSTM.

Clearly, feed formulations such as NoPAP and PAP, devoid of fish meal and containing
a basket of alternative protein sources, are valuable options to support accelerated growth,
good health, and a low feed conversion ratio in rainbow trout.
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Abstract: Thousands of different kinds of lichen metabolites are being examined for their biological
activities, including anticancer properties. In this context, the present study aims to assess the
anti-inflammatory activity of the acetone extract of Parmotrema austrosinense mycobiont. A lipid
peroxidation assay was performed with the acetone extracts of P. austrosinense mycobiont, which was
further used to evaluate its anti-inflammatory efficacy using a zebrafish model. Furthermore, the
histopathological study was also carried out with muscle tissues and amplification of its inflammation
marker. The results revealed that the lichen compound (i.e., lecanoric acid) in the acetone extract of
P. austrosinense possesses anti-inflammatory activity. Histopathology studies confirmed the decreased
numbers of neutrophil cells in the 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced zebrafishes,
as confirmed by changes in the fishes’ weight before and after the sample treatment, prompted by
TNBS inflammation. The present results also demonstrated a dose-dependent decrease in the lipid
peroxidation (LPO) levels in the muscle tissues of zebrafishes. Gene amplification studies suggested
that the lichen compound might perform dose-dependent downregulation of the inflammatory gene
marker of the tumor necrosis factor (TNF)-α gene; this further confirms that the extract should
possess anti-inflammatory activity. As per the literature, this study is one of the most complete,
comprehensive in vivo anti-inflammatory analyses in which inflammation was induced in zebrafish
by using 2,4,6-trinitrobenzene sulfonic acid (TNBS). Particularly, this study successfully identified
a bioactive compound isolated from the lichen P. austrosinense, and which exhibited decent anti-
inflammatory activity.

Keywords: lichen; anti-inflammatory activity; lipid peroxidation assay; zebrafish

1. Introduction

Phenolic compounds of lichen extracts used for biological activities are all derivatives
of the orcinol type [1,2]. They are aromatic compounds containing phenolic carboxylic
acids. All of these can be broadly classified into two types: depsides and depsidones [3].
Some of the depsides used in the research laboratory include lecanoric acid and erythrin.
Lecanoric acid is distributed in Parmotrema austrosinense and P. tinctorum [4], while erythrin
is present in Roccella montagnei [5]. There are wide varieties of depsidones that are used
for their biological activities, such as salazinic acid, protocetraric acid, etc. [6,7]. Salazinic
acid is widely distributed in Parmotrema reticulatum and Parmelinella wallichiana, whereas
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protocetraric acid has been found in Flavoparmelia caperata [8]. The most commonly used
lichen compound in the pharmacological research laboratory setting is usnic acid, which is
a novel compound derived from dibenzofuran derivatives [9].

Several methods can be used to determine the anticancer abilities of lichen substances—
mainly computational, in vivo, and in vitro methods [10]. Some species contain more
than one metabolite. The yield of the metabolites from various lichen species must be
ascertained before their clinical use. This accounts for 22% of the total dry weight of
Parmotrema tinctorum. A large number of lichen compounds—such as anziaic acid, bon-
imic acid, divaricatic acid, lobaric acid, olivetoric acid, protolichesterinic acid, ramalinolic
acid, spherophorin, and sekikaic acid—are associated with antibacterial action against
Bacillus subtilis, Mycobacterium tuberculosis, Mycobacterium smegmatis, Pneumococcus sp.,
Salmonella typhimurium, Staphylococcus aureus, and Streptococcus pyogenes [11,12]. On the
other hand, lichen substances such as caperatic acid, rangiformic acid, zeorin, atranorin,
thamnolic acid, salazinic acid, psoromic acid, fumarprotocetraric acid, pannarin, and
endocrocin are not effective against several test strains [13].

In India, the bioprospecting of lichen started very recently. The ethnobotanical uses
of lichens by various ethnic groups in India have been documented. Over 80% of the
world’s population—especially in underdeveloped nations—still relies on herbal remedies
as their primary form of healthcare today [14]. This has drawn substantial attention from
the scientific community to investigate the mycobionts and photobionts (and their related
biological activities), as a result of the influence of lichens in bioprospecting studies and
their application [15]. The Parmotrema spp. thallus contains 23.5% lecanoric acid and 37.5%
usnic acid. The medullary layer also contains protocetraric acid, physodalic acid, and
physodic acid. These lichens have been identified and used throughout human history [6].

Considering their importance, the lichen compounds of specific species play a signif-
icant role in pharmacopeias due to their antimicrobial, antiviral, anti-inflammatory, an-
tioxidant, anti-analgesic, antipyretic, antiproliferative, and anticancer activities. Moreover,
they are receiving wide attention in the field of pharmacy and have already contributed to
several advances in medicinal applications, including anti-snake-venom properties [16,17].
A considerable number of lichen species can cure jaundice or coughs and control rabies.
The most important species are Cladonia, Peltigera, Roccella, and Usnea. Some species,
such as Parmelia sulcata and Lobaria pulmonaria, can cure cranial and pulmonary diseases.
Xanthoria paritinais has been used in the treatment of jaundice. Cetraria islandica displays
medicinal properties for bladder, kidney, and lung diseases and heals oral inflammation. It
can also control the proliferation of cancer cell lines [18]. More than a thousand different
secondary metabolites of lichens have had their structures determined so far, although
many of them still need to be described [19]. Cytotoxic ability, which is imparted by the
presence of polyphenolic compounds in the fungal cells, is the term used to describe the
most diverse biological activities of this group of organisms. Moreover, various secondary
metabolites of lichens are known to exhibit anti-inflammatory properties, which are less
frequently reported. Inflammation is a defense mechanism that controls and repairs the
damage caused in the body, accompanying a number of diseases. In the event of inflam-
mation, biochemical changes leading to redness, swelling, itching, pain, and increased
temperature occur [20]. Particularly, depsides and depsidones have been reported to exhibit
decent anti-inflammatory properties. For instance, the depside atranorin, which is present
in the thalli of different species of lichen, has anti-inflammatory properties [21]. Bugni et al.
studied the effects of a cyclooxygenase inhibitor [22]. The obtained results indicated that
the tested depside inhibited cyclooxygenase-1 (COX-1) in a dose-dependent manner and,
at the concentration of 17 μg/mL (45 μM), caused a decrease in enzyme activity by 50%.
In addition, lecanoric acid is another depside produced by various lichen species, and it
is also known to possess anti-inflammatory properties [23]. In this context, the present
study is aimed at the isolation and characterization of bioactive compounds from the lichen
mycobiont P. austrosinense, with a major objective of evaluating the anti-inflammatory effect
of lecanoric acid in a zebrafish model.
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2. Materials and Methods

2.1. Chemicals

All of the chemicals used in this study were procured from SD Fine Chem Limited,
Chennai, Tamil Nadu, India. All of the chemicals were of analytical grade.

2.2. Collection and Identification of P. austrosinense

The Tamil Nadu Western Ghats (10◦10′11” N 77◦03′40” E), India, at an elevation
of 2695 m (8842 ft) above sea level, is an ideal location for the present study, owing to
the presence of wildlife reserves and national parks. The major reason behind the selec-
tion of this area was the availability of ethnobotanical samples obtained through prior
research conducted in the region. Additionally, the region is readily accessible [24,25]. To
authenticate a particular lichen sample, the representative samples were compared with
the preserved samples at the National Botanical Research Institute (NBRI), Lucknow, India.
The identification manual of Awasthi [13,26] was closely monitored. Thus, in addition to
microscopic examination, representative samples were subjected to spot tests, chemical
profiling, and thin-layer chromatography (TLC) testing to determine the lichen species. To
study the morphological, structural, vegetative, and reproductive features of the lichen
thalli, stereomicroscopy was used, except for anatomical sections, for which a compound
light microscope was used. The lichen compounds were extracted from the thallus by the
Soxhlet method, using acetone as the solvent [27].

2.3. Extraction of Bioactive Compound

Lecanoric acid was produced and extracted by the method described by Verma and
Behera [28]. Briefly, Modified Bold’s Basal Salt (MBBS) medium was prepared with 1%
potassium nitrate and 4% sucrose in a flask and inoculated with the mycobiont isolate,
and it was incubated at 25 ◦C for 4–8 weeks in a shaking incubator at 150 rpm agitation.
During the subsequent incubation, part of the flask’s contents was used for extraction of
the bioactive compound with acetone through the Soxhlet apparatus. Later, the crude
culture extract was concentrated with a rotary vacuum evaporator, and it was stored at
−20 ◦C until further use. The crude extract was investigated in the presence of bioactive
compounds using TLC and microcrystallization methods.

2.4. Zebrafish Collection and Maintenance

Healthy adult zebrafishes that were free from illness or deformities were selected
for the present study. The average weight and length of the zebrafishes ranged from
0.18 to 0.22 g and from 2.55 to 2.95 cm, respectively. All of the fishes were habituated
in a laboratory setting before the beginning of the experiments, in accordance with the
Organization for Economic Co-operation and Development (OECD) recommendations [29].
For the treatment with the test sample, the zebrafishes were divided into eight different
groups, each containing 12 zebrafishes (control, TNBS-induced group, standard, 200, 400,
600, 800, and 1000 μg/mL), and all maintained in different tanks [30].

2.5. Determination of LC50

The zebrafishes of interest were weighed, and their weight was used to determine
how much of the sample was to be injected in a 20 μL volume of phosphate-buffered saline
(PBS) at pH 7.4 [31]. In this experiment, 30 G caliber injections were applied. The doses
tested were 20, 40, 60, 80, and 100 μg/mL. A foundation plane was prepared beforehand
to hold the fish: a soft sponge with a 1.5 cm section cut out from the center, in a Petri dish
with ice water (12 ◦C). Prior to anesthesia, test solutions were placed into the injection. By
putting ice chips into the fish water until the temperature hit 12 ◦C, each fish was gradually
put to sleep. Holding the fish in the sponge with the abdomen facing up, it was transferred
to the base plane when the fish remained still in response to any external stimuli. Without
waiting, the solutions were injected intraperitoneally, and the fish were then moved to
normal water (35 ◦C) to recover and resume their normal behaviors [32]. The fish were
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monitored for 7 days following the injection [33]. From day 0 to day 7, the number of
animals that died in each concentration was recorded, and the LC50 value was calculated.

2.6. Induction of Inflammation and Efficacy Analysis

The 2,4,6-trinitrobenzene sulfonic (TNBS) acid injection was administered based on
the weight of fish, at 1 μL per 1 mg of body weight. The 2,4,6-trinitrobenzene sulfonic
acid (TNBS) is a kind of hapten. It binds to a protein (tissue), turns into an antigen, and
provokes immunological reactions. TNBS-induced colitis is a delayed hypersensitivity
reaction to haptenized proteins, and it disrupts the epithelial barrier. For testing the efficacy,
the zebrafish were divided into eight different groups: control, TNBS-induced, standard,
and five different concentrations. The acetone extracts were administered at final doses
of 20, 40, 60, 80, and 100 g/mL after the TNBS injections, which were timed to elicit the
best inflammation in adult zebrafishes within 4 h. The zebrafish weight and the volume of
TNBS to be injected were determined, and the injection was adjusted to a final volume of
20 μL in PBS. Following the same procedure as mentioned above, TNBS was injected and
weight was measured before and after treatment. The zebrafishes were killed immediately
to finish the determination of the biological effects upon completion of the experiment after
4 h of treatment. The experimental zebrafish model was performed in triplicate.

2.7. Histopathology Study of Muscle Tissue

After 4 h, the zebrafishes were decapitated, and their abdominal region was dissected
and fixed in Dietrich’s fixative before being transferred for histopathology study. The
remaining tissues were immediately stored at 4 ◦C for extraction of DNA. The tissues were
taken out of the fixative, washed with saline water, and dehydrated with 90% alcohol.
Then, the tissues were cleaned up with xylene. The sample tissues were embedded and
impregnated using paraffin wax. Furthermore, the embedded block containing the tissue
was trimmed for easy cutting into fine sections. Later, the block containing the tissue was
cut to a 5–8 μm thickness with the help of a microtone, and the cut sections adhered to the
slides firmly and in the right position. Before attaching the portions to the slide, it was
coated with egg albumin. The slides were stained using azan, hematoxylin, and eosin. For
pathological observations, the stained sections were examined under a light microscope,
and microphotographs were obtained [33].

2.8. Genomic DNA Isolation

At this stage, 100 mg of muscle tissue was placed in a mortar and pestle and thoroughly
crushed after freezing with liquid nitrogen. The pulverized tissues were dissolved in 1.2 mL
of digestion buffer and incubated for 12 to 18 h at 55 ◦C in a water bath. Equal amounts
of phenol, chloroform, and isoamyl alcohol were added, gently mixed, and centrifuged at
3000 rpm for 5 min at 37 ◦C. Without disturbing the middle or bottom layers, the aqueous
phase was carefully removed and transferred to a new tube. Half of the volume of 7.5 M
ammonium acetate and twice the volume of 100% ethanol were then added, thoroughly
mixed, and centrifuged at 3000 rpm for 5 min at ambient temperature. Then, 70% ethanol
was used to rinse the particles, and the ethanol was then thrown away. The pellet was kept
to dry in the air. For further processing, the pellet was dissolved in 30 L of nuclease-free
water after it had dried. The standard procedure recommended by Lee et al. [34] for agarose
gel electrophoresis was followed. A UV illuminator was used to expose the gel to UV light.
Bands of orange luminous color represented DNA, and the gel was discarded after taking a
picture of the DNA bands.

2.9. Quantification of Lipid Peroxidation

Lipid peroxidation was determined using the thiobarbituric-acid-reactive substances
(TBARS) assay. Accordingly, the tissues treated with various concentrations of the test
sample were acquired for assay. The tissue was homogenized with ice-cold KCl buffer;
then, the homogenized tissue sample was collected in an Eppendorf tube and centrifuged
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at 5000× g for 5 min, after which the pellet was rinsed and redispersed in 0.2 mL of 8.1%
sodium dodecyl sulfate (SDS). Next, 1.5 mL of 20% acetic acid was added to this suspension,
and the mixture was incubated for 10 min. The solution was then combined with 1.5 mL
of 0.8% Tris-borate EDTA (TBA) buffer and 0.7 mL of distilled water. Later, after one
hour at 95 ◦C, the reaction mixture was cooled to 25 ◦C. After adding around 5 mL of a
15:1 combination of butanol and pyridine, the reaction liquid was once more centrifuged
at 5000× g for 15 min to remove debris. The absorbance was recorded at 532 nm. The
untreated fish were taken as a control. The standard was performed with malondialdehyde
(MDA). The sample values were compared with the standard, and the concentration was
expressed as μM.

2.10. Amplification of Inflammatory Markers

In the present study, nitric oxide synthase (iNOS), tumor necrosis factor (TNF)-α, and
β-actin primers were employed. All of the inflammatory markers (i.e., TNF-α and iNOS)
were designed using the Basic Local Alignment Search Tool (BLAST) (Table 1). The primers
were as follows:

Table 1. The primers used for inflammatory marker genes amplification.

Name of Primers Sequences

iNOS
Forward—5′ACACTTCGAAAAGCAAGATGG 3′
Reverse—5′ ACGGGCATCGAAAAGCTGTA 3′

TNF-α
Forward—5′ TCATTTTGGCTGTGGGCCTT 3′

Reverse—5′ GGCGGTTCAAAATCTCACTCAC 3′

β-Actin
Forward—5′ CCATCGGCAATGAGCGTTTC3′
Reverse—5′ CATCCTGAGTCAATGCGCCA 3′

In addition to the inflammatory indicators used here, β-actin was chosen as the
housekeeping control gene.

PCR kits were procured from Takara Bio Inc., Japan © (EMERALD PCR master mix),
and the procedure was carried out as follows: EMERALD master mix—12.5 μL, DNA
template—2.5 μL, forward and reverse primer—1 μL, distilled H2O—8 μL. The above
cocktail for each sample was amplified in the following order and conditions: initial
denaturation at 95 ◦C for 2 min, denaturation at 95 ◦C for 1 min, annealing respective to the
primer chosen for 30 secs, extension at 72 ◦C for 1 min, and a final extension at 72 ◦C for
5 min. Amplification was carried out in 34 cycles, the resulting PCR product was resolved
in 1% agarose gel electrophoresis, and the results were interpreted.

2.11. Statistical Analysis

All of the experiments were performed in triplicate. The final results were expressed
as the mean and standard deviation (mean ± SD). All of the data were checked for normal
distribution and homogeneity by one-way ANNOVA. Then, the data were subjected to
Tukey’s test, which enabled us to identify the specific group means that were different and
compare them with the values of honest significant difference.

3. Results

3.1. Determination of LC50

In order to investigate the effect of dosage on the behavioral changes in the fish, several
experiments were performed using varied dosages. The LC50 results demonstrated that,
up to 10 μg/mL dosage, no mortality was recorded, nor were any behavioral changes were
observed in the fish. Later, the dosages were gradually increased up to 50 μg/mL, i.e.,
different dosage ranges (including 10, 20, 30, 40, and 50 μg/mL) were used, and the fishes
were closely observed at these dosages for up to 7 days. Notably, at these dosages—between
10 and 50 μg/mL—the fish survived, and no abnormal behavior was detected in the fish.

124



J. Mar. Sci. Eng. 2023, 11, 1081

Encouraged by these results, the dosage was further increased, and higher dosages of
200, 400, 600, 800, and 1000 μg/mL were applied for total of 7 days. There was no evident
effect in the entire dosage range, and the fish survived normally even up to 800 μg/mL.
Furthermore, no prominent toxic effects or abnormal behavior were observed throughout
the treatment period—even in the acute phase.

3.2. Anti-Inflammatory Activity

The inflammation induced by TNBS was dependent on the fishes’ weight. The samples
in the range of 200, 400, 600, 800, and 1000 μg/mL were given by gavage. The body weight
of the fishes was noted. Figure 1 and Table 2 shows the initial weight of the fishes, their
weight before treatment, and their weight after treatment (4 h).

Figure 1. The image represents the fishes without TNBS induction, with TNBS induction, and having
recovered from inflammation after treatment with the sample. (a) Fish without TNBS induction.
(b) Fish with TNBS induction (1 h later). (c) Fish after TNBS induction and treatment with the
compound (4 h later).

Table 2. Anti-inflammatory activity of mycobiont extract towards zebrafish at different stages.

Dosage (μg/mL) $ Weight before TNBS Injection (g) Weight before Sample Treatment (g) Weight after Sample Treatment (g)

Control 0.62 ± 0.01 c 0.64 ± 0.00 d 0.64 ± 0.00 g

TNBS-induced group 0.65 ± 0.01 b 0.74 ± 0.01 bc 0.77 ± 0.01 b

Standard 0.61 ± 0.01 c 0.72 ± 0.01 c 0.67 ± 0.01 ef

200 0.61 ± 0.00 c 0.63 ± 0.01 d 0.68 ± 0.00 e

400 0.70 ± 0.01 a 0.72 ± 0.01 c 0.79 ± 0.01 a

600 0.65 ± 0.01 b 0.75 ± 0.01 b 0.71 ± 0.00 d

800 0.69 ± 0.01 a 0.83 ± 0.01 a 0.74 ± 0.01 c

1000 0.62 ± 0.01 c 0.72 ± 0.01 c 0.66 ± 0.01 fg

F7,16 21.240 *** 68.146 *** 80.742 ***
$ Each value is a mean of five replicates ± SD. This means that a column followed by the same superscript
(p > 0.05) differs significantly according to Tukey’s range test. *** Significant at p < 0.001.

Transverse cuts were made in the abdominal muscular tissues, and slices were then
stained with hematoxylin and eosin. Figure 2 denotes the control, TNBS-induced group,
and treated group with standard and sample (200 μg/mL, 600 μg/mL, and 1000 μg/mL).
The reference image depicts muscle tissue as it would typically appear, with intact nuclei
and cytoplasm (cf. Figure 2a). The control muscle section revealed normal histological
elements, such as fiber bundles, connective tissue, and the arrangement of muscle bun-
dles. However, the fish in the TNBS-induced group displayed aberrant muscle tissue
arrangements (cf. Figure 2b). The standard treatment showed recovery of tissues from
the inflammation (cf. Figure 2c), where the sample-treated images showed the recovery
process of muscle tissues in a dose-dependent manner (cf. Figure 2d–f). The progression
of recovery of the muscle tissue arrangements was observed in the increased dose ranges.
All of the morphological changes are indicated by black arrows, first indicating the neu-
trophil cells (Figure 2a). Later, an increased number of neutrophil cells was observed in the
TNBS-induced group (Figure 2b), which recovered while treated with the samples and also
showed recovered muscle tissues (Figure 2d–f). Overall, from the results, it was established
that the mycobiont extracts possessed anti-inflammatory properties.
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Figure 2. Histopathology of zebrafish muscle tissues: (a) control group; (b) induced group;
(c) standard drug; (d) treated group (200 μg/mL); (e) treated group (600 μg/mL); (f) treated group
(1000 μg/mL).

3.3. Lipid Peroxidation Assay

Figure 3 depicts the differences in lipid peroxidation (LPO) levels between the differ-
ent groups. The control fish without TNBS induction showed 0.175 μM LPO release. The
concentration of LPO increased in the induced group, whereas in the standard treatment
the LPO level decreased. The samples showed decreasing LPO release in the range from
20 to 100 μg/mL. The figure shows the prominent levels of difference between the different
groups. The graph depicts the evident change in the LPO when the inflammation was
treated with the varied sample range, proving that there were significant differences in the
LPO levels. The results showed that the lipid peroxidation effect ranged between 0.55 μMol
(induced group) and 0.18 μMol (100 μg/mL group), whereas the variation between treat-
ments (F7,39 = 449.289, p < 0.001) was highly significant. The lipid peroxidation assay was
significantly related to the extent of the mycobiont extracts of the lichen. This confirms that
the samples acted on the recovery at the site of inflammation induced by TNBS.

3.4. Amplification Studies of the Inflammatory Markers

The PCR amplification of DNA extracted from the control group, induced group, and
treated group (standard and sample)—gene expression of (a) β actin, (b) iNOS, and (c) TNF-
α—is shown in Figure 4, which reveals that the samples evoked significant downregulation
of the inflammatory gene marker TNF-α in a dose-dependent manner compared to TNBS-
induced group. Among the treated groups, there was a marked decrease in the expression
of TNF-α at 100 μg/mL. The standard treatment showed a low expression level compared
to the sample-treated groups. There were no remarkable changes in iNOS expression levels
between the groups. β-Actin was used as an internal loading control. The gene expression
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studies confirmed the downregulation of the inflammatory marker TNF-α, which is an
indicator of anti-inflammatory activity.

Figure 3. Lipid peroxidation activity of mycobiont extract of Parmotrema austrosinense. Bars bearing
the same letter(s) do not significantly differ according to Tukey’s range test (p > 0.05).

Figure 4. Gene expression analysis of treated fishes: (a) Beta-actin gene expression; (b) iNOS gene
expression; (c) TNF-α gene expression. Lane 1—control, Lane 2—induced group, Lane 3—standard
group, Lane 4—20 μg/mL, Lane 5—60 μg/mL, Lane 6—100 μg/mL.

4. Discussion

Many earlier reports have described the biological activities of lichen extracts with
various organic solvents—particularly from Parmotrema species [35,36]. According to pre-
viously published studies, most lichen species contain a variety of potentially bioactive
secondary metabolites that demonstrate excellent anti-inflammatory and antimicrobial
properties [22,37]. These secondary metabolites include phenols, usnic acid, terpenes,
steroids, and other depside derivatives, which exhibit several important biological proper-
ties, such as antitumor, apoptotic, and cytotoxic activities [36]. Particularly, usnic acid is a
highly popular secondary metabolite of lichen, which is known to exert high antimicrobial
activity and excellent antiproliferative effects on human leukemia (K562) and endometrial
carcinoma [38,39]. Therefore, due to the presence of highly efficient bioactive secondary
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metabolites, lichen extracts have been employed indigenously for the treatment of several
different types of ailments [40]. Particularly, in herbal remedies, several genera of lichens
have been used to treat a variety of diseases. A wide variety of species of lichen extracts
have been used to control fever, diarrhea, infections, skin diseases, epilepsy, convulsions,
and as purgatives [41]. Despite this, the lack of bulk quantity of lichen thalli and their
compounds is the reason that various lichen species are still unresearched. Among these un-
explored lichens, the species P. austrosinense is also one of the less-studied lichens. However,
in recent years, mycobiont extracts have gradually been gaining popularity for research
purposes, due to their diverse biological prospects [42].

In the present study, we investigated the anti-inflammatory activity of locally available
P. austrosinense, which is a cosmopolitan lichen distributed in the humid climate of the
Tamil Nadu Western Ghats. More specifically, acetone was used to extract the bioactive
secondary metabolites from the mycobiont. To study the biopotential of P. austrosinense
mycobiont extracts, a lipid peroxidation assay was performed using the acetone extract,
which was further used to evaluate its anti-inflammatory efficacy using the zebrafish model.
The complete study was carried out with the zebrafish model, because of the accumulated
knowledge and tools available for the selected fish model, which could be utilized for
further exploitation [43].

According to the results, the toxicity assay showed that the mycobiont extract had
no toxic effect against zebrafishes up to 800 μg/mL. This result on toxicity is consistent
with the results reported by Studzińska-Sroka and Dubino [20]. Another study reported
by Poornima et al. [44] also demonstrated that toxicity against the zebrafish model was
recorded at the concentration of 800 μg/mL. Thus, the mycobiont extracts were used for
anti-inflammatory studies with a zebrafish model of induced inflammation. The study on
the anti-inflammatory activity suggested that the mycobiont extract might contain an anti-
inflammatory compound, which was found to be highly active against the inflammatory
agent TNBS. A significant positive association between lichen compounds and in vivo
anti-inflammatory action was demonstrated by Poornima et al. [44] and Nguyen et al. [45].
Furthermore, anti-inflammatory studies with other lichen species also evidently support
the present findings [36,46]. The mycobiont acetone extract showed dose-dependent
anti-inflammatory action against TNBS-induced inflammation. The lower weight in the
zebrafishes with TNBS-induced inflammation was the main indicator of the presence of the
anti-inflammatory compound in the extract.

Furthermore, lipid peroxidation test assays were carried out using the acetone extracts
of the mycobiont. The results indicated a dose-dependent decrease in LPO levels in the
sample-treated TNBS-induced zebrafishes. The TNBS-induced zebrafishes exhibited a
decreased level of LPO at the concentration of 100 μg/mL. It was also noted that with
increasing extract dose, a gradual decrease in the LPO level was observed. However, the
results of the LPO assay in the present study are contradictory when compared to the
results of an earlier published report on the acetone extract of Parmotrema species [47–49].

The anti-inflammatory activity of the acetone extract of the P. austrosinense mycobiont
was confirmed by the recovery of neutrophils in the histopathological assays of TNBS-
induced zebrafishes. It is possible that the reported anti-inflammatory activity of the extract
could be attributed to the presence of lecanoric acid, as reported in an earlier study by
Studzińska et al. [21]. According to observations, the present findings are consistent with
the results obtained by Poornima et al. [44]. In contrast with our present study, the latter
used oxazolone to induce inflammation in the zebrafishes.

Additionally, encouraged by these results, gene expression studies were also carried
out after the TNBS-induced inflammation and lipid peroxidation tests. In comparison with
the standard, a dose-dependent decrease in TNF-α gene expression was detected. These re-
sults also suggest that the aforementioned compound possibly produces a dose-dependent
anti-inflammatory response. This was analyzed using TNF gene downregulation, which
also resulted in a dose-dependent response, as with the increase in the dose, a greater
downregulation of the TNF-α gene was detected with the PCR-amplified products. No-
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tably, the results of our gene expression study are also supported by another previously
published report by Lee et al. [50] with LPS-induced macrophages, where they found that
after treatment with the test sample, a successful reduction in TNF-α was recorded.

5. Conclusions

In this study, a mycobiont extract of a lichen species was tested for its biopotential prop-
erties. Among the various lichen species, P. austrosinense is cosmopolitan in its distribution
and is known to be widely found in hill stations. However, the anti-inflammatory activity
of P. austrosinense has been little explored; thus, it was decided to investigate it’s in vitro
and in vivo anti-inflammatory activities using a zebrafish model in the present research.
The in vivo anti-inflammatory studies showed a dose-dependent response. Accordingly,
the in vitro LPO assay concluded that the extract showed a decreased LPO level at high
doses. The results of PCR gene expression indicated the presence of downregulation of
the inflammatory gene marker TNF-α. Therefore, the supportive in vitro and in vivo test
results confirmed the anti-inflammatory activity of the mycobiont of P. austrosinense. These
results are encouraging; however, further extensive investigations are needed to exploit the
biopotential of the studied lichen extract for future medical applications.
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Abstract: This manuscript describes and evaluates the FEEDNETICS model, a detailed mechanistic
nutrient-based model that has been developed to be used as a data interpretation and decision-
support tool by fish farmers, aquafeed producers, aquaculture consultants and researchers. The
modelling framework comprises two main components: (i) fish model, that simulates at the individual
level the fish growth, composition, and nutrient utilization, following basic physical principles and
prior information on the organization and control of biochemical/metabolic processes; and (ii) farm
model, that upscales all information to the population level. The model was calibrated and validated
for five commercially relevant farmed fish species, i.e., gilthead seabream (Sparus aurata), European
seabass (Dicentrarchus labrax), Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus mykiss),
and Nile tilapia (Oreochromis niloticus), using data sets covering a wide range of rearing and feeding
conditions. The results of the validation of the model for fish growth are consistent between species,
presenting a mean absolute percentage error (MAPE) between 11.7 and 13.8%. Several uses cases
are presented, illustrating how this tool can be used to complement experimental trial design and
interpretation, and to evaluate nutritional and environmental effects at the farm level. FEEDNETICS
provides a means of transforming data into useful information, thus contributing to more efficient
fish farming.

Keywords: aquaculture; fish nutrition; precision fish farming; mechanistic nutrient-based model;
numerical model; decision-support tool

1. Introduction

As fish farming is becoming more digitized, data analytics tools are required to
transform data into useful information. Mathematical models that are able to describe and
predict the dynamics of fish farming systems are candidate tools in this regard, with great
potential to contribute as data interpretation and decision support tools [1,2].

Over the last decades, several mathematical models that describe the state of fish have
been developed to support fish farming operations [3–9]. Some models describe the growth
of fish based on simple empirical equations that assume that feeding is a non-limiting factor,
and is therefore not included as a model input [8,10–15]. Others, based on differential
equations, describe the growth and, in some cases, the composition of fish (among other
indicators), given time-dependent information about environmental parameters (e.g., wa-
ter temperature) and feeding operations (e.g., ration size, feed composition) [3,6,16–18].
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For a more detailed description of different models that describe fish growth and body
composition, see the reviews from Dumas et al. [7] and Chary et al. [9].

Usually, the choice of one type of model over another strongly depends on the avail-
ability of data and the purpose for which the model is intended. Within the framework
of precision fish farming [1], where highly detailed information systems are required to
support a knowledge-based decision-making process, the use of more detailed mathemati-
cal models as complementary tools to simpler models may open the door to new insight.
For example, detailed mathematical models that account for the effects of ration size and
feed composition (e.g., bioenergetic or nutrient-based models) can be used to quantify the
impact of different feed formulations or feeding strategies on fish performance, allowing
to pre-screen the most promising solutions before practical application [19]. Besides, this
type of models can also be used to monitor and predict on a higher time resolution basis
(e.g., hourly or daily basis) the state of production using data from past observations and
data defining the expected environmental and feeding conditions of the farming unit.
Having access to this additional information allow fish farmers to make more informed
decisions based on the specific conditions of their farms, and on the current and future
state of production; e.g., estimate feed requirements, manage feed stocks, detect disease
outbreaks, and plan sales and harvesting dates [16–18,20–22].

Nutrient-based models—defined here as models that explicitly describe the nutritional
state of fish based on nutrient intake and utilization—enable a quantitative prediction of
the effects of feed composition, in terms of macronutrients, on fish performance [19,23].
This is a particularly relevant aspect, as the range of commercially available feeds for each
growth stage can differ in composition. Besides, since feeds with the same energy content
may present different nutrient composition, consequently inducing different fish perfor-
mance [24–26], the use of nutrient-based models may be preferable to bioenergetic models.
Within the domain of nutrient-based models, a relevant aspect to be considered is the level
of detail included in the modelling approach. Simpler nutrient-based models (also known
as “nutrient mass-balance models”) that only consider the protein and energy content of
the feed are not able, for example, to predict the impact of imbalanced dietary amino acid
profiles on fish performance [18]. To work with greater precision, it is therefore necessary
to use mechanistic nutrient-based models (also known as “metabolic-flux models”) that
account for the effects of the feed amino acid profile and that describe the main physiolog-
ical and metabolic processes of fish (e.g., protein synthesis and degradation, amino acid
oxidation and conversion, glycolysis, gluconeogenesis, glycogenesis, and glycogenolysis).

A few detailed mechanistic nutrient-based models of fish have been previously de-
veloped by other authors [3–6,19,23,27,28]. For example, Bar et al. [23] developed a highly
detailed model of nutrient-pathways, growth, and body composition of fish, calibrated for
Atlantic salmon (Salmo salar), that considers the effects of limiting amino acids. In turn, Hua
et al. [19] adapted a non-ruminant nutrient-based model for rainbow trout (Oncorhynchus
mykiss), which explicitly describes the utilization of energy-yielding nutrients and metabo-
lites for protein and lipid deposition in the fish body, also considering the effects of limiting
amino acids. These previous works set solid foundations that can be further explored to
advance on the development of more detailed mechanistic nutrient-based models of fish
growth and composition.

This manuscript presents the FEEDNETICS model, a detailed mechanistic nutrient-
based model that has been developed to be used as a data interpretation and decision-
support tool in the context of precision fish farming. This tool has a wide range of potential
applications and it is aimed at fish farmers, aquafeed producers, aquaculture consultants
and researchers. The main objectives of this work were:

1. To develop a nutrient-based model that considers the main physiological and metabolic
processes of fish;

2. To calibrate and validate the model for five relevant farmed fish species, i.e., gilthead
seabream (Sparus aurata), European seabass (Dicentrarchus labrax), Atlantic salmon (Salmo
salar), rainbow trout (Oncorhynchus mykiss), and Nile tilapia (Oreochromis niloticus);
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3. To demonstrate the use of the model as a data interpretation and decision-support
tool through several use cases.

2. Materials and Methods

2.1. Model Description

FEEDNETICS is a dynamic mechanistic nutrient-based model that simulates fish
growth, composition and environmental impact, within the context of fish farming opera-
tions, while following basic physical principles (e.g., energy and mass conservation) and
prior information on the organization and control of biochemical/metabolic processes. It
deterministically simulates the time-dependent physiology and metabolism of a single
fish (the “average fish”; fish model), being driven by temperature data, feed properties and
quantity, which is then upscaled to a population of fish (farm model). Figure 1 shows an
overview of the input data needed to run the model and the output data it provides.

Figure 1. Diagram illustrating the main model inputs and outputs.

In particular, the model considers the most relevant physiological and metabolic
processes, including feed intake, digestion, nutrient absorption and transport, central
metabolism (i.e., glycolysis, gluconeogenesis, glycogenesis, glycogenolysis, beta-oxidation
of fatty acids, Krebs cycle) and nitrogen metabolism (i.e., protein synthesis, protein degrada-
tion, synthesis of non-essential amino acids, amino acid oxidation, amino acid conversion)
in order to maximize its capability to effectively predict fish body weight and composi-
tion along time for general scenarios. A detailed description of this model is provided in
Appendix A.

The model has been implemented as a set of difference equations in the Powersim
Studio 10 Expert software (Powersim Software AS, Nyborg, Norway), which are solved
numerically through forward Euler integration with a fixed timestep of 0.01 days.

2.2. Model Calibration and Validation

The model was calibrated and validated for five fish species: gilthead seabream,
European seabass, Atlantic salmon, rainbow trout, and Nile tilapia. The data sets used to
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calibrate and validate the model, as well as the calibration and validation procedures, are
described below.

2.2.1. Data Processing and Data Sets Description

All data sets used in this work include data about several in vivo growth trials, cov-
ering a wide range of rearing and feeding conditions (see Table 1). Those were collected
from the scientific literature and from data generated by Sparos Lda., and its partners,
in R&D projects, some of which were specifically designed to support model calibration
and validation.

Table 1. Overview of the data used to calibrate and validate the model for each species.

Attributes Unit
Gilthead
Seabream

European
Seabass

Atlantic
Salmon

Rainbow
Trout

Nile
Tilapia

Nr. of data sources - 19 37 61 33 44
Nr. of observational units - 118 126 398 110 186

Nr. of diets - 30 66 350 58 175

Body weight range g 1–478 5–482 1–6645 2–2080 1–559
Temperature range ◦C 11–28 18–26 4–20 4–19 18–30

Diet composition range
Crude protein % as fed 37–58 37–56 29–54 26–58 23–46
Crude lipids % as fed 9–23 10–31 10–47 6–31 3–15
Gross energy MJ/kg 19–23 18–25 18–29 17–26 13–21

DP/DE g/MJ 21–26 19–30 12–26 11–28 14–26

For purposes of uniformization and data handling, all data sets were processed into a
standard format and stored in a database structured according to ‘tidy data’ principles [29].
Three types of data are associated to each data set (Figure 2):

• Raw data: data in the exact same format/structure as it was collected from the
data source;

• Processed data: processed data stored in a standard format, where each observational
unit is a table (representing a tank or cage), each attribute is a column (including
responses and covariates), and each observation is a row (numerical data that describe
the state of the observational unit over time, on a daily resolution basis);

• Metadata: data that describe the main characteristics of each data set.

During data processing, different methods were applied to convert the raw data into
processed data, including the use of simple conversion factors (e.g., to convert whole-body
composition and diet composition from dry weight to wet weight, and to calculate the
energy content of diets), linear and non-linear interpolation methods (e.g., to distribute
feed intake and temperature data over time, on a daily resolution basis, whenever the data
source provided aggregated information), and additive models (e.g., to estimate the dietary
amino acid profile and apparent digestibility coefficients based on ingredient composition).
In addition, in cases where it was not possible to apply these methods, default values per
species were used to ensure that all the minimum required attributes were defined.

After data processing, all processed data sets were subjected to quality analysis (e.g., com-
parison of diet proximate composition and fish whole-body composition data against
realistic bounds; analysis of zootechnical indicators, namely nutrient retention efficiencies)
in order to identify potential flaws in the data and remove outliers. The different data sets
were then partitioned into calibration and validation data sets (roughly 80% for calibration
and 20% for validation), based on metadata attributes. This process was performed ensur-
ing that the calibration and validation data sets included data covering similar ranges of
experimental conditions.
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Figure 2. Diagram describing the data set structure, comprising three types of data: raw data, processed
data, and metadata.

2.2.2. Model Calibration

For each species, the model was calibrated using the data sets allocated for calibration
purposes, in a two-step approach.

In a first step, a subset of model parameters was statically calibrated. This process in-
cluded the use of linear regression techniques (e.g., least squares, Huber loss minimization,
quantile regression) to calibrate body composition and feed intake models, and the assign-
ment of published values to constant or quasi-constant biochemical attributes (e.g., fatty
acid molecular weights, energy conversion factors, whole-body amino acid profile).

In a second step, the remaining model parameters were dynamically calibrated in the
Powersim Studio 10 Expert software (Powersim Software AS, Nyborg, Norway), using an
evolutionary optimization algorithm based on the CMA-ES (covariance matrix adaptation
evolutionary strategy) approach [30]. This process comprised the specification of general
settings related to the evolutionary algorithm (i.e., number of generations, parents and
offspring), the selection of a set of decisions (i.e., model parameters to be calibrated),
the adjustment of the calibration space (i.e., minimum and maximum values allowed for
each parameter), and the definition of the target set of objectives (weighted loss functions;
i.e., MAPEcalbw weighing 10.00, CAEbw weighing 0.01, and WECL weighing 0.10). The
following Equations (1)–(3) describe the loss functions:

MAPEcalbw(%) =
100
n

n

∑
i=1

∣∣∣∣Pbwi − Obwi
Obwi

∣∣∣∣, (1)

CAEbw(g) =
n

∑
i=1

|Pbwi − Obwi|, (2)

WECL =
1
m

m

∑
j=1

(
CLre f − CLpredicted

)2 × 0.1, (3)

where MAPEcalbw is the body weight mean absolute percentage error, CAEbw is the body
weight cumulative absolute error, n is the number of predicted-observed value pairs, Pbwi is
the predicted body weight value (g), Obwi is the observed body weight value (g), WECL is
the crude lipids weighted error, CLpredicted is the predicted whole-body crude lipids content
(%), CLre f is a reference value for whole-body crude lipids content (%) derived from
quantile regression of body composition data, and m is the number of time steps.

136



J. Mar. Sci. Eng. 2023, 11, 472

Model calibration was run until the evolutionary optimization algorithm reached the
minimum convergence rate or limit of generations specified, in order to find a plausible
parameterization that minimizes the prediction error for the calibration data set.

2.2.3. Model Validation

For each species, the model was validated using the independent data sets allocated for
validation purposes (i.e., processed data files not used for model calibration). The validation
results were evaluated qualitatively, through visual inspection of the model behavior
over time in comparison with point observations, and quantitatively, by estimating the
body weight mean absolute percentage error for the validation data set (MAPEvalbw) (4),
as follows:

MAPEvalbw(%) =
100
n

n

∑
i=1

∣∣∣∣Pbwi − Obwi
Obwi

∣∣∣∣, (4)

where n is the number of predicted-observed value pairs, Pbwi is the predicted body weight
value (g), and Obwi is the observed body weight value (g).

2.3. Model Application

Various applications are presented to illustrate the use of the model to complement
experimental trial design and interpretation, and to support the aquaculture industry in
evaluating the impact of nutritional and environmental effects at the farm level.

2.3.1. Complement Trial Design and Interpretation

The experiment conducted by dos Santos et al. [31] aimed to evaluate the performance
of different Nile tilapia strains (i.e., GIFT-1, GST-24, GIFT-2, GST-14) reared under similar
conditions. The authors used the Gompertz model (sigmoid function) as a tool to support
the analysis of the results, namely, to characterize the growth pattern and growth rate of the
different strains evaluated. The nutrient-based model presented here can be used to further
complement the analysis of the results. In particular, and because the model includes
feeding as an input, it provides a method to ascertain if the differences in weight gain are
due to differences in feed intake. To this end, we ran the model considering as inputs data
made available by dos Santos et al. [31] in the published version of the article (i.e., initial
weight, temperature, FCR), as well as other additional information provided by the main
author (personal communication; i.e., feeding rates and diet proximate composition). The
results of the model were compared with the experimental results to make further inferences
about the performance of the aforementioned Nile tilapia strains.

Additionally, we considered the experiment presented by Farinha et al. [32], which
focused on the evaluation of European seabass juveniles that were fed diets with varying
methionine levels. To formulate the diets and define the methionine levels to be considered,
the authors relied on the findings of a previous study carried out with similar diets and
with fish of about the same size. The nutrient-based model presented here was applied
to this study to show how it could have contributed as a complementary tool to support
the design of the experiment, namely, in defining the different methionine levels to be
tested. This illustrates the usefulness of the model for cases where there are no previous
scientific findings available to support the design of the experiment. To this end, we ran the
model considering as inputs the detailed records of the experiment presented by Farinha
et al. [32]. The results of the model were compared with experimental data to illustrate
the model’s ability to predict the growth of European seabass when fed diets with varying
methionine levels.

2.3.2. Evaluate Nutritional and Environmental Effects at the Farm Level

To demonstrate further uses of the model by the industry, three distinct use cases are
made available in Appendix B:

1. Use case 1: Evaluate the impact of different commercial feeds on trout production performance;
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2. Use case 2: Evaluate the impact of different temperature profiles on post-smolt pro-
duction performance;

3. Use case 3: Predict the long-term effects of marginal changes in diet digestibility on
bream production performance.

These model applications were carried out considering typical fish farming production
scenarios, generally using information at the level that is available to the typical user
(e.g., diet composition and feeding rates were defined based on information available in
official technical sheets provided by feed producers). In each application, the different
scenarios were evaluated by comparing several key-performance indicators provided by
the model (e.g., time to reach harvest weight, growth rate, feed conversion ratio—FCR,
economic conversion ratio—ECR).

3. Results

3.1. Model Calibration and Validation
3.1.1. Model Performance for Calibration Data Sets

Table 2 presents the final estimates of the three loss functions (error metrics) used to
dynamically calibrate the model for each species (i.e., MAPEcalbw, CAEbw and WECL; see
Equations (1)–(3) for formulas).

Table 2. Error metrics for the calibration data set for each species.

Loss Functions/Error
Metrics

Gilthead
Seabream

European
Seabass

Atlantic
Salmon

Rainbow
Trout

Nile
Tilapia

MAPEcal bw (%) 6.82 5.15 6.33 8.28 18.18
CAEbw (g) 91.29 75.70 588.83 162.12 166.04
WECL (−) 0.24 0.16 0.17 0.27 0.20

Overall, the performance of the model in predicting the body weight of fish for the
calibration data sets is similar for most fish species in terms of MAPEcalbw. However, it
must be pointed out that the model presents worse performance for Nile tilapia (MAPEcalbw
= 18.18%) compared to other species (MAPEcalbw between 5.15% and 8.28%).

The worse performance for Nile tilapia may be related to several reasons linked to the
data sets of this species, two of which are worth mentioning: (i) the different publications
on the experiments carried out with Nile tilapia appear to show a much greater variability
in terms of rearing conditions (e.g., rearing density, water quality) than the other species,
which may explain part of the deviation between model predictions and observations; and
(ii) the high variability of Nile tilapia strains used in different studies can also contribute
to the higher calibration error in Nile tilapia, since, if the differences between strains are
manifested in different metabolic rates or nutrient utilization efficiencies, those differences
may not be fully replicated by the current model parametrization as the model calibration
was done at the species level and not at the strain level.

The CAEbw and WECL directly depend on the size, structure, and content of the
calibration data set; therefore, they are presented here for reference only and not used to
make any considerations about the model performance.

Given the outcomes of the calibration procedure, the resulting parameter sets were
accepted and used for the model validation stage.

3.1.2. Model Performance for Validation Data Sets

Figure 3 shows the model validation results for each species in terms of body weight
prediction. In general, the model accuracy is consistent across species, presenting a mean
absolute percentage error (MAPEvalbw) ranging between 11.7% and 13.8%. The relative
error distribution shows a symmetrical pattern, meaning that the scale and sign of model
deviations are homogeneous over the body weight range (i.e., there is no clear bias for
under- or over-estimation). The higher density of points for lower body weight classes
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(more evident in the case of rainbow trout due to higher n), is explained by the fact that
most of the data sets used to validate (and calibrate) the model for each species are related
to experiments carried out with small fish.

Visual inspection of the model behavior over time indicates that the predictions are
representative of the observed growth pattern of fish (see Section 3.2. Model Application
for examples). However, as expected, for some validation data sets, the magnitude of the
deviation between model predictions and observations tends to increase throughout the
simulation, since simulation errors are cumulative and generally multiplicative, and the
model is not re-initialized when there are intermediate sampling points.

It is also worth mentioning that, although MAPEvalbw can be seen as a proxy for
the model generalization error, one cannot always expect an accuracy according to this
error metric when extrapolating fish growth with this model. Model accuracy is not only
dependent on the model itself, but also on the quality of the input data used to drive it.
Thus, in order to obtain accurate predictions, we cannot fail to mention that the input
data used to drive the model must be as representative as possible of the scenarios to
be evaluated.

Figure 3. Scatter plots showing predicted versus observed body weight for the validation data set of
each species, where n is the number of predicted-observed value pairs and MAPEval bw is the mean
absolute percentage error. The solid line denotes the line of equality (y = x) and the dotted line is the
linear trendline. Inside each plot, in a smaller frame, is shown the relative error (y-axis) distributed
over the body weight range (x-axis). On the lower-right corner, a bar plot shows a comparison
between the MAPEval bw values obtained for the different species.
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3.2. Model Application
3.2.1. Complement Trial Design and Interpretation

Figure 4 shows the time series of predicted and observed average body weight values
for the dos Santos et al. [31] data set, which includes data about different Nile tilapia strains
(i.e., GIFT-1, GST-24, GIFT-2, GST-14) reared under similar conditions. For all Nile tilapia
strains, the model predictions for body weight are consistent with the observations, with a
MAPE ranging between 11.4% and 16.9%. The predicted relative growth rate (RGR, %/day)
is also in line with the observed values.

Figure 4. Time series of predicted (solid line) and observed (points) average body weight (ABW)
for the dos Santos et al. [31] data set, which includes experimental data about different Nile tilapia
strains (i.e., GIFT-1, GST-24, GIFT-2, GST-14) reared under similar conditions. MAPE stands for mean
absolute percentage error (%) and RGR for relative growth rate (%/day), the latter calculated as:

RGR =
(

e(ln(ABWi+n)−ln(ABWi))/(dayi+n−dayi) − 1
)
× 100.

The ability of the model to predict the growth of these four strains suggests that
differences in the growth performance of these strains are mainly related to feed intake,
i.e., higher growth rates were achieved due to the capacity of some strains (i.e., GST-24
and GIFT-1) to ingest more feed. This is something that is not apparent when analyzing
the experimental data or the results from simpler growth models, such as the Gompertz
model, and that can complement the research presented by dos Santos et al. [31]. If
differences in growth performance were manifested due to different metabolic efficiencies,
the nutrient-based model should clearly reflect this, by predicting the growth of some strains
expressively better than others, over the entire period. Information about the observed
voluntary feed intake (VFI, % body weight/day; GIFT-1 = 5.92%/day, GST-24 = 6.45%/day,
GIFT-2 = 5.33%/day, GST-14 = 5.64%/day) also indicate a direct positive relationship
between feed consumption and growth rate. However, these values alone do not support
the hypothesis that the main factor driving growth performance is feed intake capacity,
since this indicator does not aggregate information on the nutrient utilization capacity. This
application illustrates how this nutrient-based model can be a useful tool to support the
interpretation of experimental results, contributing to new insights about the main factors
that explain fish performance.
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Figure 5 shows the time series of predicted and observed average body weight values
for the Farinha et al. [32] data set, which includes experimental data about European seabass
that were fed diets with different methionine levels (i.e., M0.65, M0.85, M1.25, M1.50).
For all dietary treatments, the model predictions are consistent with the observations,
with a MAPE ranging between 2.6% and 11.5%. This means that the model is able to
predict the effects of different methionine levels on the growth performance of European
seabass accurately.

Figure 5. Time series of predicted (solid line) and observed (points) average body weight (ABW) for
the Farinha et al. [32] data set, which includes experimental data about European seabass that were
fed diets with different methionine levels (i.e., M0.65, M0.85, M1.25, M1.50). MAPE stands for mean
absolute percentage error (%).

As described by Farinha et al. [32], the analysis of experimental data through one-
way ANOVA indicated significant differences between the dietary treatments M0.65 and
M1.50 for final average body weight, pointing to methionine deficiency in fish fed with
the M0.65 diet. The authors further carried out a linear broken-line regression analysis to
find the breakpoint that defines the methionine level below which growth performance
is affected (i.e., methionine requirement). Usually in this type of assessment (broken-line
regression), it is recommended (not mandatory though) to have at least two observed
points in each segment so as to ensure that the slope of each segment is estimated based
on points directly related to observed data and that the breakpoint is then defined with
better precision. However, this was something that did not happen, as M0.65 was the
only diet that displayed a clear methionine deficiency, meaning that the broken-line was
adjusted considering only one directly observed point below the breakpoint. The use of the
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nutrient-based model presented in this work could have been useful during the design of
this experiment as it could have allowed a better definition of the methionine levels to be
tested (prescreening of diets in silico), in order to ensure at least two points (methionine
levels) below the breakpoint. This illustrates how this nutrient-based model can be a useful
tool to support the design of experiments, helping to anticipate fish performance, and
thus, make more informed decisions to ensure full effectiveness of the experiment to be
performed. Furthermore, in nutrient requirements studies similar to the one presented
by Farinha et al. [32], the model can also be used to extrapolate the performance of fish
subjected to different rearing conditions (e.g., different temperatures) or diet compositions
(e.g., different protein or energy content) to verify whether the nutrient requirements
determined apply in those cases or not.

3.2.2. Evaluate Nutritional and Environmental Effects at the Farm Level

Additional model applications directed to industrial end users (e.g., fish farmers,
aquafeed producers, and aquaculture consultants) are presented in Appendix B and include
the following use cases: 1. evaluate the impact of different commercial feeds on trout
production performance; 2. evaluate the impact of different temperature profiles on post-
smolt production performance; and 3. predict the long-term effects of marginal changes
in diet digestibility on bream production performance. These applications illustrate how
the nutrient-based model presented here can be used as a decision-support tool, helping to
define the best feeding and farming strategies for each specific case, through the analysis of
the impact of nutritional and environmental effects at the farm level.

4. Discussion

This manuscript describes and evaluates the FEEDNETICS model, a mechanistic
nutrient-based model intended to be used as a data interpretation and decision-support
tool by different end users, i.e., fish farmers, aquafeed producers, aquaculture consultants,
and researchers. The framework behind FEEDNETICS comprises two main components:
(i) fish model, that simulates at the individual level the fish growth, composition, and
nutrient utilization, and (ii) farm model, that upscales all information to the population level.

The fish model is based upon a mechanistic and deterministic modelling approach,
following basic physical principles and prior information on the organization and control of
biochemical/metabolic processes. It assumes a multi-compartmental structure describing
the flow of nutrients and metabolites between the gut, blood, and body (single compart-
ment representing the main body tissues, e.g., brain, liver, muscle, adipose tissue, bone).
Similar mechanistic nutrient-based models have been previously developed by other au-
thors for larval [6,28], juvenile, and adult fish stages [3–5,19,23,27]. However, not all of
these models explicitly consider different compartments to describe the flow of nutrients
and metabolites. Although not a requisite to predict the growth and body composition
of fish, assuming a multi-compartmental structure enables a more realistic description of
nutrient flow and utilization rates. In addition, its modular nature facilitates the continu-
ous improvement of the model through the simplification or complexification of specific
(sub-)processes. For example, in the current version of the model, the gut compartment
does not mechanistically simulate the digestive process, since the apparent digestibility
coefficients (ADCs) of nutrients are provided as input. However, as nutrient digestibility
of feeds may vary with fish size, water temperature, and ration size [33–37], among other
factors, it may be relevant to refine the model in order to account for such effects. As the
gut is considered as a separate compartment in this model, future improvements aimed at
incorporating a mechanistic description of the digestive process can be achieved without
the need to completely reformulate the entire structure of the model. The same is applicable
to other physiological and metabolic processes (e.g., appetite and ingestion).

The farm model was implemented based on the assumption that the entire fish popula-
tion can be described based on a linear scaling of the outputs provided by the fish model.
Therefore, the existing inter-individual variability is not accounted for in the current model
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implementation. Although it is a strong assumption, this approach aims to simplify the
required input data from the user. Furthermore, it must be pointed out that accurately
modelling fish size distribution within a population is challenging, as it is not only affected
by genetic variability among individuals, but may also be influenced by production prac-
tices (e.g., ration size and stocking density) [38–40]. Nevertheless, if relevant for future
applications, some outputs provided by the farm model can be modified in order to scale
from individual to population level based on fish size distribution functions, where the
parameters of such functions would be considered as input.

In general terms, and despite the simplifications that were assumed to ensure greater
usability, the model has a complex and detailed structure. Considering such a high level
of detail has the advantage of making the model usable for a wider range of purposes.
However, it also means that the input data needed to run the model are considerably more
detailed than in the case of simpler models (e.g., bioenergetic models) [20]. While this may
not be an issue for some end users (e.g., aquafeed producers, aquaculture consultants and
researchers), it may compromise usability for others who may not have access to detailed
information, namely in terms of the nutrient composition of feeds (e.g., fish farmers). This
usability issue is highly relevant and should be considered when implementing this tool
as a user-friendly application. To overcome it, it is suggested to define default values and
implement auxiliary data processing methods to deal with missing input data. Default
values can be defined under different assumptions, but it must be ensured that they meet the
requirements of the species and that they are representative, as far as possible, of common
practices applied in the industry. Auxiliary data processing methods can be implemented
on top of different data structures, for example, to convert monthly resolution data to daily
resolution data, or to estimate amino acids and apparent digestibility coefficients of feeds
based on information about the composition of its ingredients.

The calibration and validation of the model was carried out at the species level, for
five commercially relevant farmed fish species, i.e., gilthead seabream, European seabass,
Atlantic salmon, rainbow trout, and Nile tilapia. In these procedures, we made use of data
sets related to in vivo experimental trials covering a wide range of rearing and feeding
conditions (see Section 2.2.1. Data Processing and Data Sets Description). Most of these data
sets were collected from the scientific literature and include valuable knowledge effortfully
generated over the last few decades by the academic community. Calibrating the model
with these data sets means that part of this prior knowledge is being integrated through
mathematical functions and made easily available to support new advances in fish farming
and nutrition. The extension of the model to other species can be done following the same
calibration and validation procedures, once sufficient data is collected and processed to do
so. Furthermore, the model can also be calibrated in order to accommodate physiological
and metabolic differences of different fish lineages/strains.

Overall, the results of the validation of the model for fish growth are consistent between
species, presenting a mean absolute percentage error (MAPE) between 11.7 and 13.8%. An
objective characterization of the model precision is something difficult to generalize, as
the acceptable error range is often subjective and strongly depends on the application for
which the model is intended to be used. Therefore, it is advisable for users to carry out
more specific assessments in this regard, for example, by comparing the precision of this
model for a particular application against other available methods that can be applied for
the same purpose. While doing so, it is important to ensure that the input data used to
run the model is representative and as accurate as possible, and that the complexity of the
problem being solved is adequate for all methods being compared.

Various model applications are presented in Section 3.2. Model Application and in
Appendix B. Those illustrate how the FEEDNETICS model can be used to complement trial
design and interpretation and to support in the evaluation of nutritional and environmental
effects at the farm level. However, the applications illustrated here represent only a
small picture of the potential uses that can be made out of this model. Further potential
applications include, for example, using the model to optimize finishing feeding strategies
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that aim to enrich fish with a high content of omega-3 fatty acids, or using it as a monitoring
and forecasting tool to provide information about the current and future state of production
on a daily basis.

Future model developments can be made at several levels, some of which have already
been mentioned above. The multi-compartmental structure of some physiological and
metabolic processes included in the fish model allows simplifying or complexifying the
modeling approach to improve the model’s ability to describe fish performance. In addition,
optimization algorithms can be implemented on top of the model to move from what-if
scenario analysis to automated criteria-based optimization, where the algorithm would find
the best solutions based on a set of criteria (e.g., key-performance indicators) pre-defined
by the user.

5. Conclusions

In an era of increasing digitization, where it is important to transform data into
useful information, the development and deployment of mathematical models as data
interpretation and decision-support tools will contribute in the movement towards the
implementation of precision fish farming practices. The ultimate goal is to increase pro-
duction efficiency and productivity through greater knowledge and control of the systems.
FEEDNETICS provides a means of transforming data into useful information, thus con-
tributing to further advances in the fish farming industry and more efficient production.
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Appendix A.

Appendix A.1. High-Level Overview of the FEEDNETICS Model

Conceptually, the model can be subdivided in two large components: a fish model and
a farm model. Most of the complexity of the overall FEEDNETICS model is related to the
fish model, which is the focus here. The roles of the farm model are mostly population man-
agement (e.g., deterministically remove fish in order to replicate a given time-dependent
mortality rate), feeding regime management (e.g., scale given feed according to how many
fish exist) and the calculation of secondary outputs (e.g., performance measures, environ-
mental impact measures, economic indicators). All other calculations are performed within
the fish model, which considers a set of mass pools representing different metabolites in
different body compartments (in the current version: gut, blood, and body) and different
states, along with a set of mass flows representing different biological processes (digestion,
absorption, conversion, synthesis, degradation, oxidation) along with their time-dependent
rates. Mathematically, the fish model can be seen as a set of ordinary difference equations,
which are, in practice, numerically solved in the Powersim Studio 10 Expert software (Pow-
ersim Software AS, Nyborg, Norway) using the “forward Euler” integration approximation
with a fixed timestep of 0.01 days (i.e., in a general sense, the model follows the dynamics
of an externally-driven deterministic system of first-order ordinary difference equations,
in practice).

A diagram detailing the overall high-level structure of the FEEDNETICS model (fish
model and farm model) can be seen in Figure A1.

Unless stated otherwise, the use of the “FEEDNETICS model” throughout the rest of
this appendix refers specifically to the fish model part of the general model.

Figure A1. Diagram detailing a simplified high-level structure of FEEDNETICS, with emphasis on
the fish model component. Inputs to the fish model (previously pre-processed by the farm model) drive
its time-dependent behavior, while its state variables are used in the calculation of all outputs (only a
small subset of which are depicted in the diagram). Each compartment contains a set of mass pools
(not depicted) which represent the amount of each metabolite in each compartment.
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Appendix A.2. Model Inputs

Given that the behavior of the model is strongly driven by its inputs, it is important
to consider them as a starting point. The FEEDNETICS model can be seen as driven by
basically three time-dependent inputs, all with a time resolution of 0.01 days:

1. Temperature (◦C), single value. In practice, the user provides “daily temperature
average” and “daily temperature amplitude” and a typical daily temperature curve
is generated by the farm model using a sinusoidal shape, assuming that the lowest
temperature occurs around midnight.

2. Feed given (g/day), single value. In practice, the user provides either this information
on a daily resolution level or a feeding table (matrix defining the feeding rates, ex-
pressed as % body weight/day, per fish boy weight class and temperature class) from
which this information is estimated on a daily resolution level. The daily given feed is
then distributed along the day using information on the frequency and distribution of
meals (i.e., number of meals, time of first meal, and time between meals).

3. Feed properties, many values (often constant along time). These are:

• Macronutrient composition (i.e., crude protein, crude lipids, ash, fiber, gross
energy, phosphorus);

• Apparent digestibility coefficients (ADCs; i.e., crude protein, crude lipids, gross
energy, phosphorus);

• Amino acid profile (i.e., the standard 20 proteinogenic amino acids);
• Fatty acid profile (i.e., 20 different fatty acids).

Appendix A.3. Feed Intake Control and Gut Compartment

Regarding feed intake control, the FEEDNETICS model follows the modelling ap-
proach of Lupatsch [41], with some adaptations:

FImax = a × BWb × ecT × I(T > Tlow)× I
(

T < Thigh

)
, (A1)

where FImax represents maximum feed intake in grams/day, a, b, c, Tlow, and Thigh are
species-specific parameters, BW represents fish body weight in grams, T represents the
current temperature, and I represents the indicator function (returns 1 if the comparison is
true and 0 if the comparison is false).

This implies that the maximum feed intake is assumed to depend linearly on a power
of the body weight and exponentially on temperature, being reduced to zero if temperature
is too low or too high. This step (among others) attempts to induce the loss of weight
observed in fish under extreme temperatures, which is not seen for high temperatures, if
strictly following the feed intake model suggested by Lupatsch [41].

To prevent discontinuities in the model (which can make model optimization more
challenging), we adopt an analytical approximation of the above expression (which con-
verges to the above expression as the parameter β tends to infinity):

FImax = a × BWb × ecT × 1

1 +
(

Tlow
T

)β
× 1

1 +
(

T
Thigh

)β
. (A2)

As such, actual feed intake is then calculated as:

FI = min(FImax, f eedgiven), (A3)

Taking into account the actual feed intake, along with the (possibly time-dependent)
feed composition and apparent digestibility coefficients (ADCs), the amount of digestible
nutrients being introduced in the gut compartment is calculated. The presence of indi-
gestible nutrients in the gastrointestinal tract is not explicitly modeled in FEEDNETICS,
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though these values (along with wasted/non-ingested feed) are tracked for the purpose of
environmental impact estimation.

At this point, the mass of ingested feed is converted to molar amounts of nutrients:

DInutrient =
FI × ADCnutrient × f eednutrient

Mwnutrient
, (A4)

where DInutrient represents the digestible intake of a nutrient per unit of time, ADCnutrient
is the given apparent digestibility coefficient of the nutrient, f eednutrient is the percentage of
the nutrient in the feed, and Mwnutrient is the molecular weight of the nutrient.

To model digestion and absorption rates (digestionnutrient and absorptionnutrient, re-
spectively) of ingested feed, we considered a simplified model with a single enzyme that
converts digestible nutrients (digestiblenutrient) to digested nutrients (digestednutrient), then
a single receptor/transporter that converts digested nutrients to absorbed nutrients, using
second-order kinetics, as follows:

digestionnutrient = kdigestion × enzyme × digestiblenutrient, (A5)

absorptionnutrient = kabsorption × receptor × digestednutrient, (A6)

where the kdigestion and kabsorption rate constants, and enzyme and receptor indicate their
abundance.

To model enzyme and receptor abundance, we considered simple first-order pro-
cesses, where enzyme/receptor production is proportional to substrate abundance, while
enzyme/receptor degradation is proportional to enzyme/receptor abundance.

d(enzyme)
dt

=

(
kenz_prod × ∑

nutrient
digestiblenutrient

)
− kenz_deg × enzyme, (A7)

d(receptor)
dt

=

(
krec_prod × ∑

nutrient
digestednutrient

)
− krec_deg × receptor, (A8)

where kenz_prod and kenz_deg are rates of enzyme production and degradation, respectively,
and krec_prod and krec_deg are rates of receptor production and degradation, respectively.

The gut compartment does not effectively affect nutrient digestibility (since ADCs are
provided as input), but simply delays the availability of ingested nutrients for metabolic
processes (anabolism or catabolism).

A diagram representing the internal structure of the gut compartment, with all the
considered mass pools and mass flows, can be seen in Figure A2, which shows that the
structure is generally linear and one-way.

Figure A2. Diagram detailing the internal structure of the gut compartment, showing the different
pools considered, along with mass flows between pools. For simplicity, the amino acid and fatty acid
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pools are displayed in vectorized form (i.e., they appear as a single unit, but actually represent 20
different pools each).

Additionally, a set of calculations is performed to provide the fish with information on
short-term feeding history. The result is two variables between 0 and 1 (“fed” and “fasting”)
that are used in other downstream calculations.

Appendix A.4. Core Metabolic Model (Blood and Body Compartments)

The FEEDNETICS model is built around a core metabolic model that represents the
main anabolic and catabolic processes in fish. To ensure a simple model, all main body
tissues (e.g., liver, brain, muscle) are considered under a single body compartment, which
interfaces with the blood compartment. Although movement of metabolites between the
body and blood compartments is two-way, mass flow tends to occur mostly in the blood-to-
body direction due to the regular entry of nutrients from the gut to the bloodstream. In
this model, the role of the blood compartment is two-fold: to deliver absorbed nutrients to
the body compartment, delaying them, and to regulate metabolite availability for use in
metabolic processes (body compartment).

A diagram showing the general structure of the blood and body compartments, along
with the considered mass flows, can be seen in Figure A3.

Figure A3. Diagram detailing the internal structure of the blood and body compartments, showing
the different pools considered, along with mass flows between pools. For simplicity, the amino acid
and fatty acid pools are displayed in vectorized form (i.e., they appear as a single unit, but actually
represent 20 different pools each).

Appendix A.5. Body Weight and Composition Model

A central point of the FEEDNETICS model relates to the control of body composition.
As a starting point, fish body is assumed to be mostly composed of water, crude protein
(which includes protein, amino acids, and other nitrogen-containing compounds), crude
lipids (fatty acids, triacylglycerides, phospholipids, steroids), and minerals/ash. The
amount of glucose and glycogen is generally below 1% of whole-body weight [42] and
considered negligible in FEEDNETICS, and all dietary and metabolism-derived glucose is
re-directed to lipogenesis.
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First, total protein (proteintotal) is directly calculated (in amino acids equivalents) by
adding the contributions of all amino acids (AA):

proteintotal =
20

∑
i=1

proteinAAi × AA_Mwi, (A9)

where proteinAAi represents the mass of the ith amino acid present in the body protein pool
and AA_Mwi represents the molecular weight of the ith amino acid.

For the components for which an explicit mass budget cannot be established (e.g., wa-
ter, ash), their quantities are assumed to depend mostly on structural biomass and, as such,
directly or indirectly estimated as an allometric function of proteintotal .

For all other components, their quantities are calculated by summing the contributions
of the different corresponding mass pools. For example, the total amount of lipids (lipidtotal)
is estimated as:

lipidtotal =
20

∑
i=1

(TAG_body_FAi + TAG_blood_FAi)× FA_Mwi, (A10)

where TAG_body_FAi represents the mass of the ith fatty acid present in the body lipids
pool, TAG_blood_FAi represents the mass of the ith fatty acid present in the blood lipids
pool, and FA_Mwi represents the molecular weight of the ith fatty acid.

Total body mass is estimated by summing the mass of the different components, while
energy density is estimated based on the amounts of protein, lipids, and total carbohydrates,
using fixed coefficients.

Furthermore, an important variable (CLq) is also calculated. This variable controls the
amount of lipids that is used to produce energy (as opposed to protein), by comparing the
amount of lipids present in the body with (species and body weight dependent) reference
values obtained by quantile regression:

• If the amount of lipids is below the lowest reference value, CLq = 0 (i.e., use protein to
produce energy and not lipids);

• If the amount of lipids is above the highest reference value, CLq = 1 (i.e., as far as
possible, use lipids to produce energy and spare protein);

• Otherwise, it gives an intermediate value, using a reference value that depends on the
“fed state” of the fish:

CLq =
1

1 +
(

lipidre f
lipidtotal

)β
, (A11)

where β controls the shape of the curve and lipidre f is calculated based on the fasting
variable, as an interpolation between the lowest and highest reference values (i.e., when
fasting is 0, the reference value is the maximum value; when fasting is 1, the reference value
is the minimum value).

Appendix A.6. Energetic Model

An important aspect of the accurate modelling of fish growth is to ensure that estimates
are consistent with basic physical principles, such as energy conservation. As such, we
consider the following assumptions:

• Energy production and energy expenditure can be represented in ATP (adenosine
triphosphate) equivalents, given that ATP is (along with other nucleoside phosphates)
the most widespread energy-yielding metabolite in cells;

• During any given step (timescale ≈ 14.4 min per timestep), we assume that ATP levels
are essentially in steady-state (i.e., the rate of ATP production must match the rate of
ATP degradation over the course of any given timestep);
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• ATP expenditure is assumed to result from a combination of:

• Anabolism energy costs—energy expenditure due to anabolic reactions, which
is implicitly defined by their rates (protein synthesis, glycogenesis, lipogenesis,
non-essential AA synthesis);

• Catabolism energy costs—energy expenditure due to energy-consuming catabolic
reactions, which is implicitly defined by their rates (protein degradation);

• Basal energy costs—fixed feed-independent costs that depend on fish body weight
and temperature (and accounts for fixed costs not included in the previous
two points);

• Feeding energy costs—variable costs that depend on the fish’s “fed state” (and
accounts for feed-dependent costs not included in the previous three points);

• A fixed upper limit on ATP expenditure rate is assumed (600 μmol.g−1.h−1), to ensure
that the actual values remain within physiologically-reasonable bounds [43];

• ATP production is constrained to match ATP expenditure and results from a combina-
tion of:

• Metabolite conversion (e.g., gluconeogenesis from AA and interconversion of AA);
• Oxidative catabolism (glucose oxidation, beta-oxidation of fatty acids, amino

acid oxidation);

• The rates of AA oxidation and FA beta-oxidation are determined by the difference
between “required ATP production to match ATP expenditure” and “ATP resulting
from metabolite conversion and glucose oxidation”, with the relative weight of the
two catabolic processes being defined according to the CLq variable.

A system of valves is used to ensure that ATP expenditure and ATP production always
match, even in unusual situations (e.g., not enough substrate to ensure required ATP
production; not enough ATP expenditure to balance out energy-yielding reactions). If we
ignore this system, the resulting balances can be described as:

ATPexp = ATPcostanab +
(

1 + f edscaling × f eedcostscale

)
× ATPcostbasal(BW, T), (A12)

ATPreq = ATPexp − ATPprodcatab − ATPprodglucox, (A13)

where ATPexp represents ATP expenditure (in mol/hr), ATPcostanab represents ATP costs
due to explicit metabolic reactions, f ed_scaling is a value between 0 and 1 that represents
the fish’s fed state, f eed_cost_scale is a parameter that controls feeding costs, ATPcostbasal
represents (otherwise unaccounted) basal energy costs, BW is the current body weight
of fish (in grams), T is the current temperature (in ◦C), ATPreq represents the required
ATP from amino acid oxidation and fatty acid beta-oxidation, ATPprodcatab represents
the ATP produced by energy-yielding metabolite conversion reactions, and ATPprodglucox
represents the ATP production due to glucose oxidation.

The remaining ATP requirements (ATPreq) are met using a combination of amino acid
oxidation and fatty acid beta-oxidation that is controlled by the CLq variable. The way to
interpret this variable (which is bounded between 0 and 1) is as the ratio between “mass of
lipid oxidized” and “total mass of protein + lipid oxidized”.

moxAA =
1 − CLq

CLq
moxFA, (A14)

ATPreq = moxAA × ATPstoichAA + moxFA × ATPstoichFA, (A15)

moxAA =
ATPreq

CLq
1−CLq

ATPstoichFA + ATPstoichAA

, (A16)

where moxAA represents the rate of amino acid oxidation, moxFA represents the rate of fatty
acid beta-oxidation, and ATPstoichAA and ATPstoichFA represent the profile-dependent
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ATP yield of the catabolic reactions (in mol ATP/g fuel) for amino acids and fatty acids, re-
spectively.

The value of moxAA therefore provides an estimate of the required mass of amino
acids to be oxidized. On the other hand, it is important to ensure that the consumption of
amino acids complies with the minimum protein requirements (see below Appendix A.7.
Nitrogen metabolism—amino acids and proteins). As such, the actual value used is
calculated as such:

moxAA = max(
ATPreq

CLq
1−CLq

ATPstoichFA + ATPstoichAA

, min_AA_loss), (A17)

where min_AA_loss is calculated as detailed below (in the Appendix A.7. Nitrogen
metabolism—amino acids and proteins).

The actual rate of required fatty acid beta-oxidation is then calculated as:

moxFA =
ATPreq − ATPAA_ox

ATPstoichFA
, (A18)

where ATPAA_ox represents the ATP generated from amino acid oxidation.

Appendix A.7. Nitrogen Metabolism—Amino Acids and Proteins

Perhaps the most important aspects of FEEDNETICS have to do with how it deals
with nitrogen metabolism (namely, protein synthesis and degradation, as well as amino
acid interconversion and oxidation). The current implementation of protein synthesis and
degradation processes are heavily inspired by the ones described in the models developed
by Conceição et al. [6] and Bar et al. [23,27,44], and the mainstream literature on amino acid
metabolism in fish [45–47] and other vertebrates [48,49]. It assumes a fixed (species-specific)
amino acid profile (i.e., the rates of accumulation and loss of amino acids from the protein
pool relative to each other are constant).

Appendix A.7.1. Protein Synthesis

Regarding protein synthesis, first, a maximum rate of protein synthesis (max_protsynth)
is calculated using a simplified version of Bar et al. [23,27,44] protein synthesis model which
assumes a fixed amino acid profile for the synthesized protein:

max_protsynth = min
(

kRNA × vsT × Cs × proteintotal , lim_protsynth

)
, (A19)

where lim_protsynth represents the maximum rate of protein synthesis in terms of available
substrate (i.e., free amino acids), kRNA represents translation rate, vsT represents the tem-
perature effect on protein synthesis, and Cs represents the transcription rate (i.e., quantity
of RNA present per gram of protein).

The calculation of the temperature effect on protein synthesis (vsT) is straightforward,
since it assumes a linear model:

vsT = temperaturee f f ect × T, (A20)

where temperaturee f f ect is a scalar parameter and T is the current temperature (in ◦C).
The calculation of kRNA aims to emulate the effects of ribosome occupancy on the

limitation of protein synthesis. First, ribosomes are assumed to exist in two states: occupied
(ribooccupied) or unoccupied (ribounoccupied). Then, the transitions between the two states are
calculated as such:

riboactivation = kribo × ribooccupied × valveactivation, (A21)

ribodeactivation = kribo × ribounoccupied × valvedeactivation, (A22)
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d
dt

(
ribooccupied

)
= ribodeactivation − riboactivation, (A23)

d
dt

(
ribounoccupied

)
= riboactivation − ribodeactivation, (A24)

where kribo is a time constant, while valveactivation and valvedeactivation are values between
0 and 1 that control the balance between the two states. valveactivation is close to 1 if
the fat levels are above the reference values and if free amino acids are also above their
reference values (and closer to 0 otherwise), while valvedeactivation is closer to 1 the closer
actual protein synthesis rate approaches the maximum protein synthesis rate (serving as a
negative feedback regulation signal).

Total ribosome activity (riboact; as a value between 0 and 1) is then estimated and used
to interpolate (linearly, on a log-scale) between two constants (kRNAmin and kRNAmax),
as such:

riboact =
ribounoccupied

ribooccupied + ribounoccupied
, (A25)

kRNA = e(1−riboact)×ln(kRNAmin)+riboact×ln(kRNAmax). (A26)

After determining the maximum rate of protein synthesis, two valve values (i.e., values
between 0 and 1) are calculated: protsyntregulator and AAsyntvalv . The first one suppresses pro-
tein synthesis in situations of prolonged fasting and whenever lipid levels are abnormally
low (thus inducing an increase in de novo lipid synthesis):

protsyntregulator = 0.05 + 0.95 × min
(
1, max

(
0, CLq + f ed − starving

))
, (A27)

while the second one suppresses protein synthesis according to how low the free amino
acid levels are (according to their set reference levels):

AAsyntvalv = min

⎛
⎜⎜⎜⎝ 1

1 + 1(
AA f ree

re f AA f ree

)AAsyntbeta

⎞
⎟⎟⎟⎠, (A28)

where min() is a function that accepts a vector as input and returns a scalar (the minimum)
as output, AA f ree is a vector containing the free amount of each amino acid, re f AA f ree
is a vector containing the reference values for the free amount of each amino acid, and
AAsyntbeta is an exponent that modifies the valve behavior.

The actual rate of protein synthesis is then calculated as a product of these factors,
being afterwards converted into amino acids equivalents using a fixed species-dependent
amino acid profile:

Aprotsynth = max_protsynth × protsyntregulator × AAsyntvalv . (A29)

Appendix A.7.2. Protein Degradation

Regarding protein degradation, it is also assumed to follow a fixed amino acid profile
(i.e., when protein is converted into amino acids, it follows the same amino acid profile
as used for amino acid synthesis to ensure that the total amino acid profile of the fish
approximates the set profile). First, the upper bound for protein degradation (maxprotdeg ) is
calculated and assumed to be proportional to the total amount of protein:

maxprotdeg = kdeg × degtemp f actor × proteintotal , (A30)

152



J. Mar. Sci. Eng. 2023, 11, 472

where kdeg represents a scaling factor and degtemp f actor represents the quadratic effect of
temperature on protein degradation:

degtemp f actor = Vdb + Vdm ×
(

temperature − Toptimal

)2
, (A31)

where Vdb, Vdm, and Toptimal control the shape of the parabola.
The lower bound for protein degradation (minprotdeg ) is calculated assuming that it is

proportional to the protein requirements:

min_protdeg = prot_deg_min_ f actor × min_AA_loss, (A32)

where min_AA_loss is defined below by equation (A35).
Finally, a valve value is calculated and used to interpolate between the two bounds,

based on the available amounts of free amino acids:

AAdegvalv
= min(

1

1 + (
AA f ree

re f AA f ree
)

AA_deg_beta2 )
AA_deg_beta1

, (A33)

where min() is a function that accepts a vector as input and returns a scalar (the minimum)
as output, while AA_deg_beta1 and AA_deg_beta2 control the shape of the response. The
actual rate of protein degradation (protdeg) is then calculated, being afterwards converted
into amino acid equivalents using a fixed species-dependent amino acid profile:

protdeg = minprotdeg +
(

maxprotdeg − minprotdeg

)
× AAdegvalv

. (A34)

Appendix A.7.3. Amino Acid Oxidation

Regarding amino acid oxidation, it is assumed that there is a basal amino acid oxida-
tion rate that follows the same logic as the “protein fasting maintenance” calculations of
Lupatsch [41]:

min_AA_loss = req_prot_a × ereq_prot_b×temperature ×
(

bw
1000

)req_prot_c
, (A35)

Where req_prot_a, req_prot_b, and req_prot_c are parameters describing the effects
of temperature and body weight on protein fasting maintenance.

The total amount of amino acids oxidized (moxAA) is then calculated, as detailed in the
Appendix A.6. Energetic model above, and distributed by the different amino acids such
that those that exist in higher amounts (in relation to their reference values) are preferably
used. First, two auxiliary vector quantities are calculated:

AA_ f ree_max_norm =
AA f ree

max_re f AA f ree
, (A36)

AA_ f ree_min_norm =
AA f ree

min_re f AA f ree
, (A37)

and then they are combined as such:

AAoxvalv = min
(

AA_ f ree_max_norm
∑ AA_ f ree_max_norm, AA_ f ree_min_norm

,
AA_ f ree_min_norm

∑ AA_ f ree_min_norm

)
, (A38)

and normalized to ensure that resulting vector is a partition:

AAoxweights =
AAoxvalv

∑ AAoxvalv

. (A39)
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The resulting rate of amino acid oxidation is then calculated as:

AA_oxrate = AAoxweights × moxAA. (A40)

Appendix A.7.4. Gluconeogenesis

Regarding gluconeogenesis (i.e., synthesis of glucose from amino acids), first, a maxi-
mum overall rate of glucose synthesis from amino acids (Vmaxgluconeo) is calculated, assum-
ing an exponential effect of temperature and a linear effect of body weight, and having into
account possible substrate limitations:

Vmaxgluconeo = min
(

AAglucoweights
× stoichglucose AA→glucose × agluconeo × bw

×eb×temperature, stoichglucose AA→glucose ×
AA f ree

timestep ,
) (A41)

where AAglucoweights
is a partitioning vector (similar to AAoxweights ) that ensures that glu-

coneogenesis is suppressed, unless there are abundant amino acids, and agluconeo and b
are parameters.

The actual rate of gluconeogenesis (Vgluconeo) is then calculated by having into account
an inhibiting effect of glucose on its synthesis (negative feedback) and ensuring that
abundant amino acids are given preference as substrates:

Vgluconeo = Vmaxgluconeo × 1

1 + glucose
re fglucose

× AAglucoweights
. (A42)

Appendix A.7.5. Synthesis of Non-Essential Amino Acids

Regarding the synthesis of non-essential amino acids, reactions are simulated with
stoichiometries recalculated to assume glucose as a source of carbon and ensuring that the
nitrogen balance is not violated (i.e., the amount of nitrogen incorporated into synthesized
amino acids is upper bounded by the amount of nitrogen lost during that timestep, from,
for example, amino acid oxidation). For the stoichiometries, it uses mostly the work of
Olsen [50] as an information source. Here, reactions are separated into “ATP-producing”
and “ATP-consuming”, but are calculated in a similar way, using matrix operations. The
formulas ensure that the reactions are stimulated by glucose (substrate) and suppressed
by the products of the reactions. In a similar way, reaction rates for the conversion of
methionine in cysteine and of phenylalanine in tyrosine are also calculated.

Appendix A.8. Carbon Metabolism—Glucose, Glycogen, and Fatty Acids

Besides nitrogen metabolism, it is important to also accurately model central (carbon)
metabolism, which encompasses the metabolism of carbohydrates (glucose and glycogen)
and lipids (as fatty-acid equivalents).

Appendix A.8.1. Glucose Oxidation

Regarding glucose oxidation, first, a maximum value (Vmaxglucox) is calculated, having
into account substrate availability:

Vmaxglucox = min
(

aglucox × bw × eb×temperature,
glucose
timestep

)
. (A43)

Then, two valves are applied to ensure that glucose oxidation is suppressed whenever
glucose levels become particularly low and whenever energy availability is too high.
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Appendix A.8.2. Glycogenesis and Glycogenolysis

Regarding glycogenesis (i.e., synthesis of glycogen from glucose) and glycogenolysis
(i.e., degradation of glycogen into glucose), they are both calculated based on a common
maximum rate (Vmaxglycogen) proportional to the total amount of body protein:

Vmaxglycogen = constant × proteintotal . (A44)

This value is then used to calculate the reaction rate, assuming Michaelis-Menten-like
kinetics, and taking, in the case of glycogenesis, glucose as a stimulant and glycogen as
an inhibitor, and, in the case of glycogenolysis, glycogen as a stimulant and glucose as
an inhibitor.

Appendix A.8.3. Lipogenesis

Regarding lipogenesis (i.e., synthesis of lipids from glucose), first, a maximum lipoge-
nesis rate (Vmaxlipogen) is calculated:

Vmaxlipogen = min
(

alipogen × bw × eb×temperature,
glucose
timestep

)
. (A45)

Then, additional factors are added to ensure that lipogenesis is suppressed when
glucose becomes unavailable and when lipid levels become abnormally high.

Appendix A.8.4. Beta-Oxidation

Regarding the rate of beta-oxidation (i.e., oxidation of fatty acids), it is defined based
on the moxFA value, calculated as detailed in the above Appendix A.6. Energetic model,
multiplied by the absolute availability of the different fatty acids (i.e., it assumes a pure
dilution model: all fatty acids enter the body in the proportion they exist in the diet and
they are lost in the proportion they exist in the body):

TAGbetox = TAGoxweights × moxFA. (A46)

Appendix B.

In this appendix, we present some additional use cases that illustrate the potential
application of the FEEDNETICS model to support the industry to: (i) evaluate the impact
of different commercial feeds; (ii) evaluate the impact of different temperature profiles; and
(iii) predict the long-term effects of marginal changes in diet digestibility.

Use case 1: Evaluate the impact of different commercial feeds on trout production performance

Use case 1 illustrates how FEEDNETICS can be used to evaluate the impact of two high
energy feeds on rainbow trout production performance, and to quantify savings on feed
obtained by the best performing scenario. This use case was set up for a generic RAS farm
and two commercial feeds used by the rainbow trout RAS industry were considered. The
key results and outcomes are presented in Figure A4 and are only applicable to the input
data specified. Changes in rearing temperature, feed properties, feeding rates, and target
harvest weight will alter results and main outcomes. In this case, the main outcomes identify
Aquafeed 1 as leading to an overall better performance, including a significant decrease
in the total N and P wastes, as well significant better economic conversion (Figure A4).
This information is highly relevant for optimizing RAS production as it implies a balance
between fish growth, feed efficiency, water quality, and profitability. Evaluating feeding
efficiency indicators is very important, not only for feed conversion economics, but also for
planning and managing the biofilter.
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Use case 2: Evaluate the impact of different temperature profiles on post-smolt production performance

Use case 2 illustrates how FEEDNETICS can be used to evaluate post-smolt salmon
performance produced in sites with different temperature profiles, including controlled
temperature conditions, as can be found in recirculating aquaculture systems (RAS). This is
a relevant topic for the salmon industry, as post-smolt production (up to 1 kg) has become
more common to shorten time in sea cages [51]. In particular, this use case was set up to
reproduce the Atlantic salmon (Salmo salar) growth data obtained from a semi-commercial
scale research work [52] upscaled to a 1 million post-smolt operation, considering two
different temperature scenarios: (i) yearly temperature profile at Ålesund, Norway (data
from seatemperature.org), and (ii) a constant average temperature of 13.4 ◦C to represent
the conditions in a RAS system and match the post-smolt rearing conditions described by
Crouse et al. [52] for Cohort B2. The key results and outcomes are presented in Figure A5.

In addition to evaluating different temperature profiles, this use case can be further
developed and customized considering:

� Different feeds and feeding rates used (or planned) for RAS and cage operations;
� Production costs, besides feed costs, and the fish price, for RAS and cage operations;
� Different mortality rates for RAS and cage operations.

These different data inputs will impact not only the predicted fish performance but
also the model output indicators for production profitability. They can be inserted into
FEEDNETICS according to each user’s specific farming conditions in order to perform a
cost-benefit analysis on producing post-smolts in RAS up to larger sizes before moving fish
to sea cages.
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Use case 3: Predict the long-term effects of marginal changes in diet digestibility on bream production
performance

Use case 3 illustrates how FEEDNETICS can be used to complement trials that test,
for example, the effects of digestibility enhancers such as lipid emulsifiers, phytogenetic
additives, gut health promoters, and feed enzymes. Due to the particularity of such trials,
where most rearing conditions are controlled to be within optimal levels, and the fact that
the effects of improved digestibility are not non-linear over the long-term, translating the
better performance induced by digestibility enhancers to the commercial scale cannot be
simply done by linear upscaling. In this regard, the use of nutrient-based models, such as
FEEDNETICS, may be useful in allowing to extrapolate the long-term impact of digestibility
enhancers on commercial-scale settings.

This use case was set up considering a feed additive inclusion at low level (0.2%), with
minor revisions to feed formulations in order to maintain feed price. The main differences
considered in the diet with the additive, compared to the baseline diet, were a marginal
increase of approximately 1.5% in the apparent digestibility of crude protein, crude lipids,
and gross energy. The production conditions followed typical seabream cage production
settings, reared in a warm water temperature profile from Madeira Island in Portugal. The
main results and outcomes are presented in Figure A6.
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Abstract: The locally isolated harpacticoid copepods Tigriopus sp. and Tisbe holothuriae were subjected
to salinity tolerance experimentation at salinities under and above of 40 ppt, and presented high
halotolerances in Tigriopus LC50 (24 h) of 1 ± 4.43 ppt and 132 ± 5.35 ppt, respectively, and in
Tisbe of 15 ± 2.41 ppt and 93 ± 3.23 ppt, respectively. Tetraselmis suecica, among other microalgal
feeds (Asteromonas gracilis, Rhodomonas salina, Dunaliella salina and Isochrysis galbana), resulted in the
higher production of nauplii in Tigriopus and R. salina and D. salina in Tisbe (also close to T. suecica in
Tigriopus). The demographics (number of nauplii, egg sacs, completion of hatching) of both copepods,
using combinations of salinities in the range of 22–60 ppt and D. salina and R. salina as feeds, exhibited
almost the same preference for microalgae but were negatively affected by the salinity of 60 ppt. The
present experiments showed that these local copepods that have extreme salinity tolerance and a wide
preference for easily cultured microalgae can be used in ecological studies and for mass production
as live feed in marine fish hatcheries.

Keywords: copepods; harpacticoid; Tigriopus; Tisbe holothuriae; salinity tolerance; microalgal feed

1. Introduction

The rotifers (Brachionus spp.) and the nauplii of the crustacean Artemia sp. are the most
widespread live foods for mass production of larvae in fish farms. However, the larvae of
certain marine fish species such as those of the Lutjanidae and Serranidae families are not
nutritionally covered by these foods and require the use of other live food that covers all
of their metabolic needs [1]. In recent years, interest has focused on the nauplii of various
species of copepods, mainly of the classes Calanoida and Harpacticoida, and although
their use in commercial feed for fish larvae is currently very limited, they present many
advantages, leaving many prospects for their wider use in the future [2]. With the use of
copepods as live food, there is ground for the introduction of new species of fish into fish
farms that until now was not possible to grow, since commercially available foods were not
suitable even after enrichment to cover them nutritionally [3]. Many species of copepods
are highly tolerant to fluctuations in salinity, temperature and other physicochemical
environmental factors. However, their productivity can vary significantly at different
values of these factors. When mass producing a species for use as live feed in aquaculture, it
is important to ensure optimal conditions to achieve maximum productivity [4]. Copepods
of the order Harpacticoida in their nauplii stages have a small size, high reproductive
potential, rapid population growth and are nutritionally flexible and tolerant to a wide
range of environmental factors, such as temperature and salinity [5,6], with the result that
they present themselves advantageously as food for cultured fish larvae. Compared to other
orders of copepods such as calanoids, they appear more advantageous for mass production
since sustainable cultures of them can be achieved at high densities [7]. At the same time,
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harpacticoid copepods help keep fish larval rearing tanks clean by consuming the algae and
food debris that adheres to their walls [8]. The conversion of organic molecules resulting
from the catabolism of copepod’s food into essential fatty acids (EFAs) makes them a
more complete source of nutrients for fish larvae than more common foods used today
such as Artemia or rotifers [9]. According to Camus and Zeng, [7] the content of chemical
compounds in tissues is mainly determined by the species of microalgae that constitute their
food. The ability of harpacticoid copepods to biosynthesize long-chain polyunsaturated
fatty acids from saturated fatty acids gives them the adaptive capacity to cope with adverse
situations related either to the reduced availability of nutrients in their environment, or
to gradual environmental changes due to climate change [10]. Harpacticoid copepods,
usually living as benthic organisms in coastal habitats, feed mainly on algae and organic
particles [11]. Depending on the species and the availability of food, the harpacticoid
species are found as epibenthic, endobenthic or mesobenthic organisms. Calliari et al. [12]
studied the effect of salinity on the reproduction of two species of copepods of the genus
Acartia (A. tonsa and A. clausi). In both species, egg hatching success was low at the lowest
salinities tested. Furthermore, the variable size of the eggs between the different salinity
values suggests that the egg shell is permeable to water and thus the embryos at the
different salinity values faced different osmotic pressures, whereas the higher embryonic
mortality at low salinities for A. clausi suggests that embryos are more sensitive than adults
to salinity reduction. The narrow range of tolerance to salinity changes during early nauplii
stages is a common pattern in several copepod species [13,14]. In a study [15] on the
effect of different salinity values on the copepod Pseudodiaptomus pelagicus, fecundity was
indirectly affected by the change in salinity, as fewer eggs were counted in the egg sacs of
females reared at lower and higher salinities versus optimal salinity. In another study [16],
in individuals of the copepod Tisbe holothuriae, the deviation from the optimal salinity value
(38 ppt) resulted in a decrease in productivity (a lower number of nauplii from each egg
sac), as well as an increase in mortality.

This research work seeks to further contribute to the required knowledge for the use
of copepods as food in larval stages of cultured marine fish, against common live foods
used today. The interest in the mass cultivation of copepods with the aim of using them as
food for the larval stages of fish farming, but also for ornamental fish in aquaria, is growing
both in Greece and in other countries in recent years. The mass production of copepods
with high nutritional value could lead to the reduction of production costs in fish farming
units. In addition, the cultivation of specific copepod species as food could contribute to the
production of aquaculture fish of higher nutritional value. In order to achieve this, however,
optimal physicochemical growth conditions are required, which are determined not only
by the species of copepods, but in some cases also by the particular characteristics of the
populations from which they originate. The purpose of the present study is to investigate
the possibility of cultivating two genera of copepods that are widely found in Greece and
more generally in the Mediterranean, Tisbe and Tigriopus, as well as to investigate the effect
of four levels of salinity and two types of microalgae (as food) on their development and
production. In addition, investigating their tolerance to extreme salinities will add insight
into the survival of these organisms under potential extreme climate change impacts on
coastal aquatic ecosystems.

2. Materials and Methods

Tigriopus sp. and Tisbe holothuriae (Figures 1 and 2 and Videos S1 and S2, respectively)
originated from a screening survey of the saline waters (35–40 ppt) of the Messolonghi
lagoon (38◦20′05.16′ ′ N, 21◦25′28.51′ ′ E) on the Ionian coastline of Greece [17]. The ex-
perimentation was comprised of 3 experimental series accomplished separately. The first
experiment concerns the salinity tolerance of the copepods. The second experiment con-
cerns the influence of several algal feeds on progeny production. The third experiment
concerns the combined influence of salinity and algal feed on the demographics of the
copepods. For simplicity, the three experiments are named hereafter as: “Experiment
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on salinity tolerance”, “Experiment on feed influence” and “Experiment on salinity-feed
demographics”, respectively.

Figure 1. (A) Tigriopus sp. female with egg sac, (B) female without egg sac, (C) Female and male,
(D) Grasping of a young female by a fully grown male; arrow indicates the characteristic lumps on
the first pair of antennas of the male.

Figure 2. (A) Male and female of Tisbe holothuriae with the female carrying a big egg sac, (B) Male
and female in juxtaposition; arrow indicates the characteristic lumps on the first pair of antennas
of the male, (C) Hatching of Tigriopus sp. egg mass, (D) Newly hatched nauplius of Tigriopus sp.,
(E) Newly hatched nauplius of T. holothuriae.

For each experiment for both copepod species, the required number of individuals
or ovipositor females were obtained from stock cultures acclimatized and maintained
in the laboratory under optimal conditions. More specifically, each population of each
copepod species was maintained in 1 L glass cylindrical containers with 850 mL of 37 ppt
salinity water at room temperature and lighting (~19 ◦C and ~500 lux, respectively), with
a daily supply of a small but sufficiently concentrated by centrifugation (paste) mixture
of phytoplankton (Tetraselmis suecica, Rhodomonas salina, Isochrysis galbana, Dunaliella salina
and Asteromonas gracilis), cultivated in the laboratory and used in their exponential growth
phase. From the container of the stock culture, amounts of 10 mL were taken with a glass
pipette, from which, after microscopic inspection, the copepods required in the experiments
were taken. In particular, the adult copepods (without egg sac) used for the salinity
tolerance experiment and the ovulated females (with egg sac) used in the food type effect
experiment were obtained.

In the salinity tolerance experiment (Figure 3A), small plastic containers of 20 mL were
used in which water with salinities of 0, 2, 4, 6, 8, 10, 20, 30, 60, 70, 80, 90, 100, 105, 110, 115,
120, 125, 130, 135, 140, 145 and 150 ppt was placed. Twenty-five (25) copepods were placed
directly in each number with the defined salinity in order to apply the probit method [18],
i.e., to find the 50% mortality rate of the population after the first 24 h (LC50). At the end of
the first 24 h, the number of live and dead animals was recorded. Presumed dead animals
for determining whether they were indeed dead were collected with a Pasteur pipette into
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a dish containing salt water of 35–37 ppt and after a reasonable interval were re-checked
for liveness. The probit method calculates the 50% mortality rate of experimental animals
in a series of escalating concentrations of some substance (in our case salinity). In total, 50%
lethality is calculated as LC50 (Lethal Concentration 50%) ± 95% confidence limits (CL)
and corresponds to that concentration of the test substance which causes death in 50% of
the number of experimental animals exposed to it within a certain period of time (usually
24 h as in our case). The 95% confidence limits of the 24-h LC50, (lethal salinity for 50% of
subjects in 24 h) are given as: LC50 1.96[SE(LC50)].

Figure 3. Schematization of the salinity tolerance experiment (A) and the feeding experiment (B) for
both copepod species.

The standard error (SE) of the LC50 was calculated using the formula:

SE(LC50) =
1

b
√

pnw
(1)

where b = the slope of the probit-salinity regression line, p = the number of salinities used
for each case, n = the number of subjects used in each salinity group = 25, w = the mean
“weight of probit observations” [18].

The feeding experiment (Figure 3B) used multi-chambered plastic plates (20 chambers
of 3 mL per plate) in which one ovulated individual per chamber was placed in 37 ppt
salinity water, ~20 ◦C and 500 lux diffuse illumination. Each chamber according to the
protocol was given the selected species of microalgae from cultures in the exponential
phase in a dose of ~0.1 mL of culture per 3 days. The algae used were Tetraselmis suecica,
Asteromonas gracilis, Isochrysis galbana, Rhodomonas salina and Dunaliella salina. In terms of
cell biovolume, Rhodomonas was ~400 μm3, Isochrysis ~ 140 μm3, Asteromonas ~ 1200 μm3,
Dunaliella ~ 350 μm3 and Tetraselmis ~ 450 μm3. At their exponential phase of their culture,
they attained: Rhodomonas ~ 5 × 106 cells/mL, Isochrysis ~ 12 × 106 cells/mL, Asteromonas
~ 0.8 × 106 cells/mL, Dunaliella ~ 9 × 106 cells/mL and Tetraselmis ~ 7.5 × 106 cells/mL.
They were cultured in 2 L Erlenmeyer flasks under 8000 lux, 16 hL:8 hD, 19 ◦C, salinity
40 ppt, supply of filtered air and Walne’s nutrient medium. The progress of each culture
was monitored by counting cells with a Fuchs–Rosenthal haematocytometer and a quantity
of culture was collected from the middle of the exponential phase. This quantity was
centrifuged (3000 rpm, 3 min) and the algal mass was treated appropriately to create a
5–20 × 105 cells/mL stock culture depending on each algae’s cell biovolume and culture
density. A 0.1 mL drop of the concentrated algal stock culture of 5–20 × 105 cells/mL of the
specific microalgae was poured into each well of the appropriate plate. The quantity of the
algae in the wells was estimated to be 0.5–2 × 105 cells/mL per 0.1 mL drop, divided by
3 mL (volume of the well) = 0.16–0.66 × 105 cells. The lower values correspond to bigger
biovolumes, and the inverse applies to smaller biovolumes. Overall, approximately the
same algal mass was introduced in every well irrespective of the algal type. The experiment
lasted 28 days and at the end, the total number of individuals in each chamber was counted.
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For the experiment of salinity-food demographics (Figure 4), one 1st egg sac female
was put in each of the thirty 15 mL chamber of the plates used and filled with 35 ppt salt
water. After the complete hatching of the eggs, the mother copepods were pipetted out and
removed leaving only the F1 nauplii. The nauplii fed with a proper mixture of microalgae
were monitored daily and the females that appeared with their 1st egg sac were sucked,
washed in clear 35 ppt seawater and placed in new plates filled with 20, 32, 44, 60 ppt
sterilized seawater using minute amounts of concentrated microalgae of either R. salina
or D. salina as food thereafter. For each combination of salinity-algae, 36 replicates were
created. The temperature was kept at ~21 ◦C and with a ~500 lux diffuse illumination.
The values of pH initially were 7.9 ± 1 but thereafter fluctuated between 7.6 and 8.1. The
daily inspection of the populations was performed under a dissecting microscope and
salinity was checked by a refractory salinometer. When an increase in salinity (due to mild
evaporation) exceeded 2 ppt, the proper addition of distilled water was done. During the
experiment, the following parameters were recorded: (i) sum of nauplii from all egg sacs
produced by each individual female, (ii) number of F1 nauplii produced by the 1st egg
sac, (iii) number of egg sacs produced by each female, (iv) time in days for the complete
hatching of the eggs of 1st egg sac, without counting rejected egg sacs (by some females)
that were not hatched, (v) time (in days) between the creation of the 1st and 2nd egg sac,
without counting females that did not create 2nd egg sac and (vi) percentage of females
among adult copepods in each combination of salinity-food. The percentage of females
was calculated out of the total number of adults hatched from all 36 female egg sacs at each
salinity. Individuals that died at a stage before that of the adults (nauplii-copepodites) were
not included for the calculation of the % proportion of female individuals.

Figure 4. Schematization of the salinity-food demographics experiment for both copepod species.

Statistical analysis was performed using ANOVA and paired-wise comparisons at the
0.05 level of significance by Tukey’s test using the free PAST3 software (Øyvind Hammer,
University of Oslo, Oslo, Norway).

3. Results

3.1. Experiment on Salinity Tolerance

Tigriopus sp. (Figure 5) proved to be more resistant than Tisbe sp. (Figure 6) at both low
and high salinities. From the processing of the probit methodology (Table 1, Figures 5 and 6)
for low salinities we found: Tigriopus LC50 = 1 ppt ± 4.43 ppt (95% CL) and Tisbe
LC50 = 15 ppt ± 2.41(95% CL). That is, in Tigriopus, the salinity that causes 50% mor-
tality is the very low one of 1 ppt, whereas in Tisbe, the relevant salinity is 15 ppt. For
high–very high salinities we have: Tigriopus LC50 = 132 ppt ± 5.35 (95% CL) and Tisbe
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LC50 = 93 ppt ± 3.23 (95% CL). That is, in Tigriopus, the salinity that causes 50% mortality
is very high one at 132 ppt, whereas in Tisbe, it is 93 ppt.

Figure 5. Mortality (%) and probits of mortality vs. salinity of Tigriopus sp. in the LC50 experiment.
Also depicted are the regression equations and R2 values.

Figure 6. Mortality (%) and probits of mortality vs. salinity of T. holothuriae in the LC50 experiment.
Also depicted are the regression equations and R2 values.
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Table 1. Records on probit analysis of the influence of salinity on mortality of T. holothuriae and
Tigriopus sp.

Salinities
(ppt)

Mortality
Tisbe

Mortality
Tigriopus

% Mortality
Tisbe

% Mortality
Tigriopus

Observed
Probit
Tisbe

Observed
Probit

Tigriopus

Expected
Probit
Tisbe

Expected
Probit

Tigriopus
Weight
Tisbe

Weight
Tigriopus

0 (25/25) (25/25) 100 100 0 0 0 0 0 0
2 (23/25) (4/25) 92 16 6.4 4 6.34 3.88 0.336 0.405
4 (22/25) (3/25) 88 12 6.17 3.82 6.15 3.82 0.37 0.37
6 (22/25) (3/25) 88 12 6.17 3.82 5.95 3.77 0.439 0.37
8 (18/25) (2/25) 72 8 5.58 3.59 5.73 3.7 0.532 0.336
10 (15/25) (2/25) 60 8 5.25 3.59 5.53 3.65 0.581 0.336
20 (9/25) (1/25) 36 4 4.64 3.24 4.52 3.38 0.581 0.237
30 0 (1/25) 0 4 0 3.24 0 3.12 0 0.154
40 0 0 0 0 0 0 0 0 0 0
50 0 0 0 0 0 0 0 0 0 0
60 (1/25) 0 4 0 3.24 0 2.83 0 0.092 0
70 (2/25) (1/25) 8 4 3.59 3.24 3.48 3.1 0.269 0.154
80 (4/25) (2/25) 16 8 4 3.59 4.13 3.33 0.471 0.208
90 (5/25) (3/25) 20 12 4.15 3.82 4.78 3.64 0.627 0.302

100 (9/25) (3/25) 36 12 4.64 3.82 5.43 3.95 0.601 0.439
105 (22/25) (4/25) 88 16 6.17 4 5.76 4.12 0.503 0.471
110 (23/25) (4/25) 92 16 6.4 4 6.08 4.28 0.401 0.532
115 (24/25) (5/25) 96 20 6.75 4.15 6.41 4.43 0.302 0.558
120 (25/25) (5/25) 100 20 0 4.15 0 4.59 0 0.601
125 (10/25) 40 4.74 4.75 0.627
130 (10/25) 40 4.74 4.9 0.634
135 (13/25) 52 5.05 5.06 0.634
140 (15/25) 60 5.25 5.22 0.627
145 (22/25) 88 6.17 5.38 0.601
150 (25/25) 100 0 0 0

SUM Weight Tisbe 6.105
MEAN Weight Tisbe 0.436

SUM Weight Tigriopus 8.596
MEAN Weight Tigriopus 0.429

3.2. Experiment on Feed Influence

Tetraselmis resulted in the highest production of offspring in Tigriopus (36 ± 0.9 SE),
followed by statistically equal Dunaliella (29 ± 1.7) and Rhodomonas (26 ± 1.55), which
were also statistically equal for Tisbe (27 ± 1.45 and 28 ± 1.34, respectively) (Figure 7).
Asteromonas and Isochrysis were the species with the highest and lowest cell biovolume,
respectively, which resulted in substantially and significantly fewer offspring in Tisbe
(21 ± 0.56 and 16 ± 0.44, respectively) and even fewer in Tigriopus (16 ± 0.62 and 7 ± 0.48,
respectively). However, concerning Tetraselmis in Tisbe, the production of offspring was
significantly much lower (22 ± 1.08) than the relevant one of Tigriopus (36 ± 0.91). Based
on these findings, Rhodomonas and Dunaliella were selected as the microalgae to be tested
for the next experiment on copepod demographics, as they resulted in equal numbers of
progenies in both copepod species.

Figure 7. Mean total number of offspring (nauplii) produced by a single female of Tigriopus sp. and
T. holothuriae fed different microalgae; TIGR = Tigriopus, TISB = Tisbe, TETR = Tetraselmis, ISO =
Isochrysis, RHOD = Rhodomonas, AST = Asteromonas, DUN = Dunaliella. Error bars stand for Standard
Error (SE).
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3.3. Experiment on Salinity-Feed Demographics

Rhodomonas and Dunaliella equally affected (p > 0.05) the total number of produced
nauplii of Tigriopus at each of the four salinities (Figure 8A). The significantly lowest val-
ues across salinities for both microalgae were recorded at the highest salinity of 60 ppt
(18 nauplii for Rhodomonas, 16 for Dunaliella), whereas the highest numbers (37 for
Rhodomonas, 33 for Dunaliella) were recorded at the salinity of 32 ppt. In Tisbe, although the
pattern concerning salinity is alike to that of Tigriopus (most progenies at 32 ppt, least at
60 ppt), the effect of the microalgal feed is totally different with Dunaliella’s significant
higher values (p > 0.05) than their counterparts of Rhodomonas at all salinities (Figure 8B).

Figure 8. (A,B) Total number of nauplii produced by a female of Tigriopus and Tisbe, respectively,
across treatments of different salinity types of algal feed. (C,D) number of nauplii produced from the
first egg sac of Tigriopus and Tisbe, respectively, across treatments of different salinity types of algal
feed. Values are means ± SE. RHOD = Rhodomonas, DUN = Dunaliella.

The number of nauplii produced by the 1st egg sac was equal (p > 0.05) across all
salinities and type of food (min. 12, max. 15 nauplii) in Tigriopus (Figure 8C). In Tisbe,
(Figure 8D) Dunaliella effected the production of significantly more nauplii compared to
Rhodomonas (p < 0.05) and produced the same number (11–12 nauplii) statistically across the
salinity range of 20–44 ppt, with the salinity of 60 ppt being far less productive in number of
nauplii both across the other salinities and compared to Rhodomonas (5 vs. 3, respectively).
The number of nauplii was also statistically equal across the salinity range of 20–44 ppt
(7–9 nauplii) for Rhodomonas.

In both species of copepods (Figure 9A,B), the highest salinity of 60 ppt for both
microalgae resulted in far fewer numbers of total egg sacs produced by a single female
in its life span, compared to all other lower salinities (p < 0.05). Whereas in Tigriopus
(Figure 9A), in all salinities, the number of egg sacs produced was statistically equal
for both microalgae at each particular salinity, in Tisbe (Figure 9B), at the salinities of
32 and 44 ppt, Dunaliella resulted in a significantly higher number of egg sacs compared to
Rhodomonas. In general, Tigriopus at all salinities for both microalgae produced more egg
sacs than each corresponding case for Tisbe (max. mean 3.8 egg sacs vs. 2.7 respectively).
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Figure 9. (A,B) total number of egg sacs produced during the lifetime of a female of Tigriopus and
Tisbe, respectively, across treatments of different salinity types of algal feed. (C,D) days required
for the complete hatching of the eggs of the first egg sac of Tigriopus and Tisbe, respectively, across
treatments of different salinity types of algal feed. Values are means ± SE. RHOD = Rhodomonas,
DUN = Dunaliella.

The days required for the complete hatching of all the eggs of the 1st egg sac were in
general clearly more in Tigriopus (~7–8 days, Figure 9C) compared to Tisbe (~4–6, Figure 9D).
In both species and at all salinities, this time period was statistically equal among the two
microalgae at each particular salinity and across salinities in the range of 20–44 ppt. Only at
the highest salinity of 60 ppt the required days were statistically greater. The same pattern
also occurred concerning the days required for the appearance of the 2nd egg sac from
the appearance of the first (Figure 10A,B). Across salinities and type of microalgae, the
number of days were statistically equal at the salinity range of 20–44 ppt and significantly
less than the days required at 60 ppt in every particular treatment in both copepods, the
only difference being that overall values were less in Tisbe (Figure 10B) as compared to
Tigriopus (Figure 10A).

The percentage of females was not affected by the type of food in Tigriopus
(Figure 10C) as at every salinity, the percentage was statistically equal between Rhodomonas
and Dunaliella. On the contrary, in Tisbe (Figure 10D), at all salinities except the one at
20 ppt, Dunaliella effected significantly more females compared to Rhodomonas.
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Figure 10. (A,B) days required for appearance of the 2nd egg sac since the appearance of the 1st egg
sac in Tigriopus and Tisbe, respectively, across treatments of different salinity types of algal feed. (C,D)
percentage of females in Tigriopus and Tisbe, respectively, across treatments of different salinity types
of algal feed. Values are means ± SE. RHOD = Rhodomonas, DUN = Dunaliella.

4. Discussion

Copepods of saline environments in general and harpacticoids in particular are eury-
haline [17,19–24], but to what extent is not clearly known. Existing studies may provide
an optimal salinity at which copepods increase in population and additionally provide
a range of salinity at which their population maintains satisfactory dynamics, but they
do not clearly answer the upper and lower limits of salinity at which they can survive.
For Tisbe holothuriae [25], 38 ppt is given as the optimum salinity [16,26]. For other Tisbe
species such as T. biminiensis, the limits are reported as very narrow, i.e., 27–34 ppt and
even as a prohibitive salinity at that of 20 ppt [27]. For various species of Tigriopus, the
survival range is 20–40 ppt with the optimal being at 30 ppt [11], and especially for
T. californicus [19] where 100% survival in the range 30–70 ppt is reported. These values are
initially considered consistent with the value of 37 ppt in which the copepods lived during
the experiments of this work, but we cannot claim that we have exhausted the topic for the
optimal development of cultured populations of the specific copepod species. The issue of
the presence of copepods in hypersaline waters is important from an ecological point of
view as, on the one hand, hypersaline systems are among the most extreme environments
on Earth with seasonally dramatic changes in salinity [28], and on the other hand, copepods
play an important ecological role, participating largely in the food web and indirectly
in the biological recycling of elements [20]. In the literature, there are no corresponding
values for T. holothuriae and Tigriopus spp. and therefore ours can be considered as the
first data ever presented. Based on our findings, we assume that these copepods will
not have any difficulty adapting to salinities that exceed seawater salinity, and based on
Figures 5 and 6, we can assume that they will show minimal mortality due to osmoregu-
latory stress at salinities up to about 70 ppt, especially if their acclimatization is gradual.
The importance of copepods resistance to hypersaline environments such as that of the
Messolonghi salterns has not been investigated but may be important because they may
contribute to good salt production by consuming the microalga Dunaliella sp., whose pres-
ence degrades the salt (personal communication). It is clear both from our experimentation
and from similar work (but only for Tigriopus, [19,21]) that absolutely fresh water produces
almost immediately 100% mortality in both species. However, in brackish water, the sit-
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uation is radically different. Wheras Tigriopus shows a great adaptation to salinities of
4–10 ppt with almost negligible mortality and practically absolute survival above 10 ppt
salinity, Tisbe only after 20 ppt shows 0% mortality. These numbers for Tigriopus espe-
cially are in agreement with those found by Hawkins [21]. From the above, we consider
that although Tigriopus is shown to withstand a surprising range of salinity (~4–120 ppt)
compared to Tisbe (~20–90 ppt), both species can colonize a variety of environments, even
extreme water systems (e.g., estuaries, lagoons, hypersaline basins, etc.) and from the point
of view of cultivation, any source of supply of salt water can be appropriately used.

The issue of the most suitable microalgal feed for copepods is rather complicated
and fragmented in the literature, e.g., it was found [29,30] that Tetraselmis is inferior to
Isochrysis as feed for the calanoid Gladioferens imparipes and several species of Acartia,
respectively, whereas the opposite occurred in our study for both Tigriopus and Tisbe.
As it was demonstrated [31] that T. japonicus does not present any kind of selectivity
between Tetraselmis suecica and Isochrysis galbana, equally consuming them in a mixture, it
is probable that underlying digestive mechanisms govern the growth of copepods. Many
researchers have carried out studies on the correlation of the reproduction of various
species of copepods with the species of phytoplankton used for their diet, both in the
natural environment and under laboratory conditions. The results demonstrated a strong
correlation between reproductive traits of copepods (fecundity, hatching success, nauplii
survival) and algae characteristics such as cell size, morphology, toxicity and biochemical
composition [1]. In our study, there were clearly different responses among the two
copepod species when fed different microalgae (Figure 7). Two of the microalgae (A. gracilis
and D. salina) used as food in the present work came from the Messolonghi lagoon [17],
the same natural environment as the copepods, so it is possible to draw conclusions
about the suitability of these species to be introduced into intensive copepod farming
systems. As Dunaliella together with Rhodomonas presented the same nauplii productivity
for both copepods next to Tetraselmis (which was more effective in Tigriopus), Dunaliella and
Rhodomonas combined with various salinities were selected for the next experimentation on
demographics of the culture.

It must be noticed that this work was not carried out under controlled laboratory
conditions, without the mass cultivation of copepods, but instead, with the reproduction of
individual females and subsequent study of the development of their nauplii progenies.
However, we feel that as a first trial, in order to answer some issues on the response of these
copepod species to microalgal feeds at different salinities, the present study can reflect
quite well what could happen in bigger culture tanks.

The mortality of the female individuals of the F1 generation after their placement in
the individual plates for the study of their reproductive activity at the different salinity
values was zero. However, at the extreme salinity value (60 ppt) for both species, the
time for the transition from the nauplii stages to the adult stage was much longer than
that observed in the other salinities. According to Hong et al. [32], the osmoregulatory
mechanisms of some marine organisms during their life cycle are differentiated. Studies
related to the effect of salinity on individuals of the species Tigriopus japonicus report that
although adult individuals have a great capacity to adapt to changing salinity values,
the developmental stage between nauplii and copepods appears to be the most sensitive
and presents the highest mortality [33,34], whereas according to Paiva et al. [35], adult
crustacean individuals are more tolerant to salinity stress than individuals at the other
developmental stages.

In the present work, the average value of the total number of offspring produced at
the optimal salinity values for both species (Tigriopus and Tisbe) was significantly lower
than the values reported by other researchers for female individuals of the species of the
same genera grown under controlled laboratory conditions. The reasons why a reduced
production of nauplii was observed are likely to be:

High population density. In the present work, for the reproduction and development
of copepods, 15 mL chambers were used, resulting in higher population densities compared
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to those reported by other researchers who used vessels with a larger capacity. In fact, due to
the benthic nature of Tisbe and Tigriopus, almost all of the nauplii, especially the first nauplii
stages, were concentrated at the bottom of the chambers (diameter of chanber 4cm), and as
a result their density increased even more. According to Mauchline [36], the bodies of most
copepods are denser than the seawater they live in, regardless of salinity. For this reason,
staying in the benthos requires less energy consumption than staying in the water column.
The phenomenon became even more intense with the proceeding of the experiment as a
rudimentary substrate, which was created at the bottom of the chambers and attracted the
copepods. It has been reported that density can affect the growth, survival and fecundity
of predatory copepods [37]. In the study of Punnarak et al. [11], in lower density cultures,
higher survival rates were observed for copepods collected from natural environments,
whereas according to Fava and Crotti [38], copepod cultures at high densities result in
increased excrements because of animal stress and, therefore, their survival, development
and reproduction are not favored.

Cannibalism. Cannibalism of young individuals is a strategy particularly widespread
for many species of animal organisms in nature [39]. In many crustacean species that
inhabit both marine and estuarine systems, intraspecific predation of larval individuals is
often one of the main reasons for their mortality, helping to maintain their population sizes
at a constant level [40,41]. Cannibalism has been reported for calanoid copepods [42,43] as
well as harpacticoid copepods of the species Tigriopus fulvus [44,45], T. californicus [46] and
T. brevicornis [45]. According to Gallucci and Ólafsson [45], the phenomenon of cannibalism
is observed when we have high population densities even when in the environment there
is a sufficiency of other types of food. In the present work, it is possible that cannibalistic
behaviors were manifested by the adults to the young nauplii, because of the high popu-
lation density at the bottom of the chambers, with the result that the measurement of the
number of nauplii conducted daily gave a lower number of them than those hatched from
the eggs of the egg sacs.

Not renewing the development medium. Copepod reproduction is directly affected
by abiotic factors in their environment, such as water temperature, turbidity and pH [22].
In the present work, no renewals of the culture medium (water) was made, since such a
practice was not possible due to the high density of copepods. During the development of
the experiments, the temperature was controlled, but the turbidity and the pH changed,
mainly in the salinity values that were not favorable for the development of copepods. At
the same time, during the course of the experiment, a rudimentary substrate was created at
the bottom of the chambers from the remains of the excess food, from the exoskeletons and
from the excreta of the copepods. Excess food remaining in small-volume copepod cultures
can create problems such as: accumulation of dead algal cells in the water and on the walls
of the container (with an increased possibility of bacterial growth), adhesion of a mass of
dead microalgae to the swimming appendages of the copepods resulting in obstruction
of free their movement [47], selective feeding by copepods (avoidance of consumption of
dead microalgae cells) [2], increase in water turbidity, etc.

Genetic factors. In harpacticoid copepods, even among populations of the same
species originating from different regions, significant discrepancies have been reported
regarding optimal salinity conditions and abiotic factors in general. For populations of the
species Tisbe holothuriae in the gulf of Marseille, there was reproductive activity at salinity
values from 20 ppt to 48 ppt, whereas for populations of the same species originating
from the Saronic Gulf at salinities of 20 ppt and 48 ppt, not only was no reproductive
activity observed but instead, individuals showed high mortality. Based on the researchers
who studied the above behaviors, the salinity tolerance of different populations was
determined by the salinity of the environment from which they came [16,48]. According to
Edmands [49] in the genus Tigriopus, a wide range of genetic divergence has been found in
the populations of its species. The individuals studied in the present work came from the
Messolonghi lagoon. Although there was acclimation to laboratory conditions over several
generations, the genotype of wild populations determined the reproductive behavior of
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females and the total number of nauplii hatched from each egg sac at different salinity
values, differentiating it from that reported in studies with corresponding salinity values
for populations of the same genus originating from different regions.

For both copepod species studied in this work, the mean value of the hatching time
of their first egg sac and the mean value of the time between the appearance of the first
and the appearance of the second egg sac are significantly longer at the extreme value
of salinity (60 ppt) in relation to the values in the other salinities. Growth time is an
important feature of zooplankton fitness and is closely related to the time of initiation
of production of new individuals and the rate of population growth, with faster growth
leading to higher abundances in a shorter time [23]. Thus, fast-growing populations in
natural environments have a competitive advantage over slower-growing ones, whereas
under controlled conditions of production, fast growth is associated on the one hand with
cost reduction and increased production, and on the other hand with the production of
more robust individuals due to achieving the ideal growth conditions.

The reproduction of copepods is directly affected by the quantity and quality of the in-
gested food [22], whereas they show great adaptability to the available types of food present
in their environment, changing their physiological processes according to the amount of
energy they can obtain through their food. In fact, according to Hasset and Landry [50],
the lack of food from the environment of copepods (natural or laboratory) can lead to
changes in their feeding behavior and in the activity of their digestive enzymes, increasing
their survival over time (even for a period of 3 weeks in starvation conditions [51]). In
the present work, in the individuals of the genus Tigriopus, for all the parameters studied,
no significant differences were presented for the two different types of food used. On
the contrary, for the individuals of T. holothuriae, for all parameters at the most favorable
salinity value (32 ppt), the microalga D. salina appeared more favorable as food than in R.
salina. In a corresponding study [52] on copepods of the species T. holothuriae that grew
in salinity 28–33 ppt, the diet with microalgae of the genera Dunaliella and Rhodomonas
varied the composition of their tissues in long-chain HUFAs. Copepods fed Rhodomonas
showed a lower concentration of HUFAs than those fed Dunaliella. Miles et al. [53] suggest
a mixture of microalgae for the optimal development of copepods of the genus Tisbe and
for the production of a large number of offspring, whereas according to Cutts [37,54], food
must change between the various developmental stages of copepods as the size of their
mouthparts change along with their nutrient requirements.

From the first evidence of the results of this work, it appears that both the develop-
ment and reproduction of copepods are negatively affected by salinity values that deviate
from that found in the natural environment of the populations of the species studied
(35–40 ppt). The total production of nauplii fluctuated at lower levels, compared to those
reported in similar studies with individuals of same or different species of the same genus.
The differences in the ability of copepods to adapt to salinity values, different from those
found in their natural environment, are related to genetic factors that must be investigated
in order to apply (in the cases of copepod mass production systems) the optimal conditions
for growth and reproduction.

The knowledge obtained from the study of the effect of different salinity values on
the growth and reproduction of specific copepod species, in addition to being used in the
production process of fish farming units, could also be used for ecological practices through
the creation of predictive models on the effects of changing environmental conditions, not
only at the species level but also at the population level. The local adaptation of populations
is the evolution of their characteristics, which have been optimized for specific habitats, so
that the genotypes of these populations endow them with better fitness than genotypes
of the same species from other habitats [55]. In recent decades, genetic data demonstrate
that marine populations of coastal habitats are less homogeneous than previously thought,
suggesting that local selective forces may be strong enough to offset ongoing gene flow.
Information about adaptive divergence is particularly important for predicting the effects of
climate change and improving prediction models, which often assume that all populations
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of a species have the same range of tolerance to environmental conditions (e.g., salinity,
temperature, water chemistry). Such an assumption, however, may underestimate the risk
of species extinction from a habitat if individual populations have a smaller tolerance range
than the species as a whole [24].

Supplementary Materials: The following are available online at https://www.youtube.com/watch?
v=zmwXeoN1wTM, Video S1: Tigriopus copepods—adults, egg hatching-nauplii (accessed on
13 October 2022); https://www.youtube.com/watch?v=mKWNr5dhJGY, Video S2: Copepods—
harpacticoids vs. calanoids—Tisbe (accessed on 13 October 2022).
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Abstract: Sea urchins play an important role in coastal marine ecosystems and are an economi-
cally valuable resource for their gonads (roe or uni). Increased demand by Asian and European
countries caused overfishing of wild stocks resulting in a sharp decline of sea urchin populations.
The increased efforts in developing cost-effective protocols are focused on larval development
up to pre- and post-metamorphosis stages, as they are one of the main difficulties of echinocul-
ture. This is a preliminary study to evaluate the influence of microalgal varying diet rationing on
larval development, growth, and survivorship at pre-metamorphosis of Sphaerechinus granularis
echinopluteus (30 days post-fertilization). Three microalgae diets based on Dunaliella tertiolecta and
Rhodomonas marina and the combination of both species were tested. Each diet used three ration
treatments: low ration (500–3000 cells·ml−1); medium ration (1000–6000 cells·ml−1); and high ration
(4000–24,000 cells·ml−1), which were cell-density adjusted to larval development. Assays used three
triplicated treatments in 8 L cylindrical–conical glass incubators. Results showed that the survival
of S. granularis echinopluteus was positively influenced by diets of lower cellular densities and
a combined microalgae diet. Adoption of this type of diet regime is expected to improve larval
production and provide the groundwork for future research on S. granularis in aquaculture.

Keywords: Sphaerechinus granularis; echinoculture; microalgae; survival; sustainability; marine
aquaculture; diversification

1. Introduction

Several species of sea urchins such as Paracentrotus lividus, Psammechinus miliaris,
Strongylocentrotus droebachiensis, and Sphaerechinus granularis are exploited worldwide for
their gonads (roe or uni) due to being highly regarded as a culinary delicacy. In regions
such as Asia (with Japan as the principal consumer), Europe, Chile, and New Zealand, wild
populations have been declining from over-exploitation [1–3].

Due to the unsustainable exploitation and crescent demand for seafood, aquaculture
production is probably the best sustainable alternative to support the needs of global
demand for uni [4,5]. Most aquaculture research in sea urchins focuses on the development
and survival rates of larval planktonic stages up to post-metamorphosed juveniles, as they
represent the major bottlenecks of echinoculture development [4,6–8].

The sea urchin S. granularis (Lamarck, 1816), commonly known as the purple or
blunt sea urchin, is a common grazer and displays a typical covering behavior using shell
fragments, pebbles, and algae [9]. They occur in the NE Atlantic, the Gulf of Guinea,
and the Mediterranean Sea. This species can be found from the intertidal zone up to
130 m depth [3,9,10]. S. granularis has a life expectancy of 5 years and a high growth rate
compared to other sea urchin species [11]. S. granularis urchins can attain 100 mm TD in
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4 years, whereas P. lividus achieves 45–65 mm TD over the same 4-year duration in culture
conditions [3,12,13].

Despite the increased importance of S. granularis as a fishery resource, the knowledge
of its biology is still scarce [9]. Regarding aquaculture, research is needed to develop and
optimize cost-effective methods to create protocols for rearing S. granularis under optimal
conditions [13].

The establishment of an adequate diet to produce high-survival and good-quality
larvae is a decisive step to support further research and development of aquaculture produc-
tion methods for S. granularis. The algal species D. tertiolecta and R. marina have exhibited
some of the highest survival rates in prior studies concerning the larval development of
P. lividus echinopluteus [7,14]. Additionally, a connection has been established between
the cellular size of microalgae and the mouth size of echinopluteus, as described in the
literature [15]. For the echinopluteus larvae particles, 5 to 50 μm is noted to be the preferred
size for feeding. This study focused on the evaluation of larval development, growth, and
survivorship at pre-metamorphosis of S. granularis echinopluteus when fed with varying
diet rations of microalgae.

2. Materials and Methods

2.1. Broodstock Collection and Rearing

Adult S. granularis broodstock (test size > 50 mm) were collected from local wild popu-
lations by snorkeling in the subtidal at east Madeira Island (Quinta-do-Lorde; 32◦74′11.25′′ N;
16◦70′96.36′′ W) in August 2021. The specimens were placed in 25 L containers with natural
seawater and transported to Calheta Mariculture Center (CMC) where they were kept
in two outdoor 750 L tanks with running ambient seawater and water flow of approxi-
mately 90 L per hour. The animals were fed Zea mays, at 0.7% of the biomass present in
the rearing tanks three times a week, and before each feeding the uneaten food and feces
were siphoned.

2.2. Spawning and Larval Rearing

Three assays were conducted. Each assay randomly selected three males and two
females from the broodstock, using a total of 15 specimens with the following biometric
measurements (average ± SD): humid body weight: 153.68 ± 23.92 g; body diameter:
68.36 ± 4.05 mm; and body height: 41.63 ± 2.53 mm. Sea urchins were cleaned with
filtered and autoclaved seawater (20 μm; 121 ◦C, 15 min; hereafter referred to as FAS) and
induced to spawn by agitation method [16]. Spawning urchins were placed individually
with the oral side facing down in glass cubes with 1.5 L FAS for less than 30 min from the
beginning of induction procedures. Eggs and sperm were pooled separately in 500 mL
beakers, suspended in FAS. Egg and sperm densities were estimated with the Seggewick
Rafter counting chamber and Malassez counting chamber, respectively, using a light micro-
scope (Axioskop 2 plus, Carl Zeiss, Aalen, Germany). Egg fertilization was achieved by
adding sperm volume that guaranteed the proportion of 500 spermatozoa: 1 oocyte [17].
Fertilization success (~95%) was calculated by counting the number of eggs featuring the
fertilization envelope two hours after the fertilization procedure. The fertilized eggs were
incubated in 6 L laboratory glass balloon bottles with FAS, at 16 ± 1 ◦C and medium
aeration for 72 h [13].

The larval culture methods described were based on previous studies focused on devel-
opment and survival in response to varying microalgae diet quantity and species [6,14,18].
For technical details, the larvae were transferred to nine 8 L cylindrical–conical glass incu-
bators after reaching the two-arm (2 b) stage. The incubators were filled with 7 L filtered
(20 μm) and ultraviolet sterilized seawater (hereafter referred to as FUVS) (AQUA—UV, De
BARY, Frankfurt, Germany). Incubators were maintained partially submerged in a 200 L
tank with a controlled temperature of 19 ◦C (water chiller HC 500A, Hailea, Chaozhou,
China). The larvae were reared with a stocking density of 2 larvae·mL−1 in aerated, static
FUVS and under fluorescent light for a constant photoperiod of 12 h light: 12 h dark.
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Water quality parameters of oxygen (O2) (multiparametric meter HandyPolaris, Oxigard®,
Farum, Denmark), pH (pH Checker, HANNA, Villafranca Padovana, Italy), and salinity
(refractometer, H2Ocean, Stuart, FL, USA) were registered three times a week. Then, water
changes (10% volume) were done in the incubators, and temperature was registered every
hour (Logger HOBO MX2201, Onset, Cape Cod, MA, USA) for the duration of the assays.
Ammonia concentration was monitored twice weekly (NH4/NH3 Test, SERA, Heinsberg,
Germany) between water changes days.

2.3. Microalgae Culture

The microalgae Dunaliella tertiolecta (Chlamydomonales, CCAP 19/613) and Rhodomonas
marina (Pyrenomonadales, CCAP 995/5), were grown in 5 L batch cultures [19] using a
commercial culture medium (Nutribloom©, Necton, Olhão, Portugal). Fluorescent lights
were used to keep a continuous photoperiod (24 h light) at 16 ± 1 ◦C and medium aeration.
Microalgae were collected during the exponential growth phase and used in the assays.

2.4. Assays and Treatments

To study the influence of diet rationing, measured as algal cell density [18], three
independent assays (D1, D2, and D3) were performed on the larval culture of S. granularis.
The assays were performed sequentially between July and November 2022. Each assay used
126,000 larvae and a different microalga diet, i.e., assay D1 used a monospecific diet of D.
tertiolecta, assay D2 used a monospecific diet of R. marina, and assay D3 used a combination
of both algal species in the same proportion (D. tertiolecta + R. marina 1:1). Larval feeding
was done three times a week on alternated days. Each assay D1, D2, and D3 used the
following treatments: low ration (LR), medium ration (MR), and high ration (HR); the algal
cell density treatments cells·ml−1 were adjusted accordingly with the larval stage (Table 1)
following previous studies [14,18,20,21]. Three replicates for each treatment were used.

Table 1. Microalgae cell density (cells·mL−1) used in the different treatments: low ration (LR);
medium ration (MR); and high ration (HR) of assay D1 (Dunaliella tertiolecta), D2 (Rhodomonas marina),
and D3 (D. tertiolecta + R. marina 1:1); and adjusted to the different larval stages: 2-arm pluteus (2 b);
4-arm pluteus (4 b); 6-arm pluteus (6 b); and 8-arm pluteus (8 b).

Larvae Stage Low Ration (LR) Medium Ration (MR) High Ration (HR)

2 b and 4 b 500 1000 4000
6 b 1500 3000 12,000
8 b 3000 6000 24,000

2.5. Development, Morphology, and Survival

Larval development was assessed by identification of the larval stages. Identification
was performed twice weekly based on the formation of new pairs of arms in the echinoplu-
teus larvae (Figure 1). Stages identified in the present study were: two-arm pluteus (2 b);
four-arm pluteus (4 b); six-arm pluteus (6 b); eight-arm pluteus (8 b); and competent/pre-
metamorphic larvae (Figure 1). Developmental stages used to perform the shift in the algal
cell density within the same treatment (see Table 1) were established when the ratio of
larvae at the corresponding stages was at least 75% (Figure 2) [2,13,17]. Observations were
done using a light microscope (Axioskop 2 plus, Carl Zeiss, Aalen, Germany).
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Figure 1. Sphaerechinus granularis larval development by larvae stage. (A): two-arm pluteus (2 b);
(B): four-arm pluteus (4 b); (C): six-arm pluteus (6 b); (D): eight-arm pluteus (8 b); (E): competent
larvae/pre-metamorphic.

Figure 2. Sphaerechinus granularis four-arm pluteus (4 b). Larvae biometric parameters: CT: total
length; CC: body length; LC: body width; BP: post-oral arm length; CE: stomach length.

In addition to weekly larval stage assessment, the larvae were sampled (10% of the
volume in the incubators) in all assays (D1, D2, and D3) at 10, 25, and 30 days post-
fertilization (DPF) [14] to measure the following biometric parameters: total length (CT);
body length (CC); body width (LC); post-oral arm length (BP); and stomach length (CE)
following the method described by Kelly et al. [18] (Figure 2). Biometric parameters were
represented as larvae stages pooled together, reflecting larval development.

Measurements were performed using a stereo microscope (M165 C, LEICA, Germany)
coupled with a digital camera (IC90 E, LEICA, Munich, Germany) and image analysis
software (LAS X, LEICA, Munich, Germany). Survival (percentage values) was calculated
by dividing the initial number of larvae transferred to the cylindrical–conical incubators by
the total number of living larvae at 30 DPF.

2.6. Statistical Analyses

Assays were statistically analyzed separately. Larval development analyses were
performed within each age (10, 25, and 30 DPF); the ratio of each larval stage was ana-
lyzed separately as a dependent variable using the ration treatments as factors. Larval
morphology analyses were done within each age (10, 25, and 30 DPF); each biometric
parameter was analyzed separately as a dependent variable using the ration treatments as
factors. Survival was analyzed considering survival values as dependent variables and the
treatments as factors.

Statistical analyses were conducted using IBM SPSSTM Statistics 25 (IBM Corporation,
AMONK, New York, NY, USA). All data were tested using the Shapiro–Wilk test for
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normality and Leven’s test for homogeneity. Parametric data were analyzed using one-
way ANOVA (Fdf = value; significance level p) followed by the post hoc Bonferroni test.
Nonparametric data were analyzed using the Kurskal–Wallis test (Hdf = value; significance
level p) followed by the post hoc Games–Howell test [22]. Results were expressed as
mean ± standard deviation (SD), and in all cases, the null hypothesis was rejected when
p < 0.05 for all statistical analyses.

3. Results

3.1. Water Quality

Considering all assays, we maintained consistent water quality parameters for the
duration of the trials with T = 19.23 ± 0.30 ◦C (n = 4784), dissolved O2 = 6.58 ± 0.22 mg·L−1

(n = 315), pH = 8.08 ± 0.03 (n = 315), salinity = 36 ± 0 (n = 315), and ammonia was 0 ± 0
(n = 189).

3.2. Larval Development

Assay D1: there were no significant differences in the larvae stage distribution among
treatments (H1 = 0.000; p = 1.00) at 10 DPF. At this point, 100% (n = 422) of sampled larvae
were at the development stage 4 b (Figure 3A). At 25 DPF, significant statistical differences
were detected in the larvae stage distribution in the HR treatment when compared with
LR and MR treatments (H1 = 3.319; p < 0.05) (Games–Howell tests; p < 0.05). In the LR
treatment, 9.1% (n = 1) of the larvae were at the 2 b stage and 90.9% (n = 10) at the 4 b stage.
In the MR treatment, 75% (n = 6) of the larvae were at the 4 b stage and 25% (n = 2) at the
6 b stage. The HR treatment showed that 100% (n = 2) of the sampled larvae were at the
8 b stage (Figure 3B). At 30 DPF, statistical analyses detected differences in the larvae stage
distribution among treatments (H1 = 16.688; p < 0.05), these differences were significant
among all treatments (Games–Howell tests; p < 0.05). In the LR treatment, 95.1 % (n = 77)
of the larvae were at the 4 b stage and 4.9 % (n = 4) at stage 6 b. In the MR treatment, 71.1%
(n = 54) of the larvae were at stage 4 b, 21.1% (n = 16) at the 6 b stage, and 7.9% (n = 6) at
the 8 b stage. In the HR treatment 27% (n = 10) of the larvae were at the 4 b stage, 56.8%
(n = 21) at the 6 b stage, and 16.2% (n = 6) at the 8 b stage (Figure 3C).

Figure 3. Percentage (%) of Sphaerechinus granularis larvae stage by treatment (treatment conditions
are defined in Table 1) at days post-fertilization (DPF): 10 (A), 25 (B), and 30 (C), in assay D1 (Dunaliella
tertiolecta). Differences among treatments were considered significant at p < 0.05.

In assay D2, at 10 DPF no statistical differences were detected in the larvae stage dis-
tribution among treatments (H1 = 1.000; p = 1.00). One hundred percent of sampled larvae
(n = 92) were at development stage 4 b (Figure 4A). At 25 DPF, statistical analyses found
no statistical differences in the larvae stage distribution among treatments (H1 = 1.273;
p = 0.259). In the LR treatment, 66.7% (n = 8) of the larvae were at 8 b and 33.3% (n = 4) at
the pre-metamorphic stage. In the MR treatment, 100% (n = 3) of the larvae were at the
8 b stage. In the HR treatment, 60% (n = 3) of the larvae were at the 8 b stage and 40%
(n = 2) at the pre-metamorphic stage (Figure 4B). At 30 DPF, statistical differences were
detected in the larvae stage distribution among treatments (H1 = 4.673; p < 0.05). These
differences were revealed to be significant when comparing the HR treatment with LR and
MR treatments (Games–Howell tests; p < 0.05). In the LR treatment, 100% (n = 32) of the

183



J. Mar. Sci. Eng. 2023, 11, 1870

larvae were at the pre-metamorphic stage. In the MR treatment, 7.1% (n = 1) of the larvae
were at the 6 b stage, 7.1% (n = 1) at the 8 b stage, and 85.7% (n = 12) at the pre-metamorphic
stage. The HR treatment did not produce living larvae at this sampling point (Figure 4C).

Figure 4. Percentage (%) of Sphaerechinus granularis larvae stage by treatment (treatment conditions are
defined in Table 1) at days post-fertilization (DPF): 10 (A), 25 (B) and 30 (C), in assay D2 (Rhodomonas
marina). Differences among treatments were considered significant at p < 0.05.

In assay D3, at 10 DPF no significant differences were detected in the larvae stage dis-
tribution among treatments (H1 = 0.000; p = 1.00). One hundred percent of sampled larvae
(n = 270) were at development stage 4 b (Figure 5A). At 25 DPF, statistical analyses found
no statistical differences in the larvae stage distribution among treatments (H1 = 1.750;
p = 0.186). In the LR treatment, 100% (n = 3) of the sampled larvae were at the 8 b stage. In
the MR treatment, 25% (n = 1) were at stage 4 b, 25% (n = 1) at the 6 b stage, and 50% at the
8 b stage (Figure 5B). At 30 DPF, larvae stage distribution among treatments was statisti-
cally different among treatments (H1 = 9.085; p < 0.05). These differences were statistically
significant when compared to the LR treatment with the MR treatment (Games–Howell
tests; p < 0.05). In treatment LR 21.1% (n = 4) of the larvae were at the 4 b stage, 36.8%
(n = 7) at the 6 b stage, and 42.1% (n = 8) at the 8 b stage. In the MR treatment, 3% (n = 1) of
the larvae were at the 4 b stage, 15.2% (n = 5) at the 6 b stage, and 81.8% (n = 27) at the 8 b
stage. In the HR treatment, 14.3% (n = 1) of the larvae were at the 4 b stage, 28.6% (n = 2) at
the 6 b stage, and 57.1% (n = 4) at the 8 b stage (Figure 5C).

Figure 5. Percentage (%) of Sphaerechinus granularis larvae stage by treatment (treatment conditions
are defined in Table 1) at days post-fertilization (DPF): 10 (A), 25 (B), and 30 (C), in assay D3
(Dunaliella tertiolecta and Rhodomonas marina at a 1:1 cellular ratio). Differences among treatments
were considered significant at p < 0.05.

3.3. Larval Morphology

In assay D1, at 10 DPF statistical analyses detected differences in the distribution in
larvae biometric parameters CT (H2 = 85.092; p < 0.05); CC (H2 = 111.534; p < 0.05); BP
(H2 = 106.940; p < 0.05); LC (H2 = 97.688; p < 0.05); and CE (H2 = 105.053; p < 0.05) among
treatments (Figure 6). The distribution of CC (193.79 ± 30.39 μm); LC (173.38 ± 44.79 μm);
and CE (106.97 ± 17.07 μm) were higher in the HR treatment and CT (501.57 ± 65.97 μm)
and BP (352.57 ± 59.32 μm) were higher in the MR treatment (Games–Howell tests; p < 0.05)
(Figure 6, column 10 DPF). At 25 DPF, differences were found in the distribution of lar-
vae measurement LC (H2 = 9.270; p < 0.05). Statistical analysis showed these differences
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were not significant for LC (362.08 ± 130.18 μm) when comparing among treatments
(Games–Howell tests; p < 0.05) (Figure 6K). At 30 DPF, statistical differences were de-
tected in the distribution of the biometric parameters CC (H2 = 64.149; p < 0.05), LC
(H2 = 91.519; p < 0.05), and CE (H2 = 58.490; p < 0.05). These differences were significant
among treatments (LR, MR, HR) (Games–Howell tests; p < 0.05). The distribution of CC
(246.17 ± 58.17 μm); LC (249.84 ± 77.47 μm); and CE (166.34 ± 44.41 μm) was higher in
treatment HR (Figure 6F,M,P).

In assay D2, at 10 DPF differences were found in the distribution of larvae biometric
parameters CC (H2 = 10.187; p < 0.05); BP (H2 = 1.114; p < 0.05); LC (H2 = 15.070; p < 0.05);
and CE (H2 = 28.904; p < 0.05). The measurement CC (245.32 ± 36.42 μm) was significantly
higher in the HR treatment and BP (233.28 ± 59.84 μm) showed to be higher in treatment
MR as the biometric parameter LC (293.85 ± 55.29 μm) was significantly higher in treatment
HR (Games–Howell tests; p < 0.05) (Figure 6D,G,J). The differences found in the distribution
of the biometric parameter BP were not statistically significant among treatments (Games–
Howell tests; p < 0.05) (Figure 6G). At 25 DPF, statistical analyses found differences in
the distribution of larvae biometric parameter LC (H2 = 6.501; p < 0.05), these differences
were not significant when comparing among treatments (Games–Howell tests; p < 0.05)
(Figure 6K). At 30 DPF, there were no differences in the distribution of the biometric
parameters (CC; CT; BP; LC; CE) among treatments (LR, MR, HR) (Games–Howell tests;
p < 0.05) (Figure 6, column 30 DPF).

In assay D3, at 10 DPF statistical analyses found differences in the distribution of
parameters CT (H2 = 74.940; p < 0.05); CC (H2 = 175.583; p < 0.05); BP (H2 = 223.119;
p < 0.05); LC (H2 = 189.158; p < 0.05); and CE (H2 = 152.722; p < 0.05). The distribution
of CT (523.04 ± 53.82 μm); CC (259.36 ± 25.33 μm); LC (273.07 ± 27.00 μm); and CE
(105.71 ± 10.98 μm) was revealed to be significantly higher in the HR treatment (Games–
Howell tests; p < 0.05) and the distribution of BP (304.88 ± 40.35 μm) showed to be
significantly higher in treatment LR (Games–Howell tests; p < 0.05) (Figure 6, column
10 DPF). At 25 and 30 DPF, results showed no statistically significant differences in the
distribution of all biometric parameters (CC; CT; BP; LC; CE) among treatments (LR; MR;
HR) (Games–Howell tests; p < 0.05) (Figure 6, columns 25 and 30 DPF).

3.4. Larval Survival

In assay D1, statistical differences were detected in the survival distribution among
treatments. Survival in the MR treatment (0.20 ± 0.05%) showed to be significantly lower
when compared to the LR and HR treatments (0.25 ± 0.11 and 0.23 ± 0.05%, respectively)
(H2 = 36.356; p < 0.05) (Games–Howell tests; p < 0.05) (Figure 7). In assay D2, there
were significant differences in the survival distribution among all treatments (H2 = 37.780;
p < 0.05), showing higher survival at LR (0.10 ± 0.02%). On the contrary, survival was
negligible at HR (0.00 ± 0.00%) (Games–Howell tests; p < 0.05) (Figure 7). Assay D3 showed
significantly higher survival in the LR and MR treatments (0.07 ± 0.03 and 0.07 ± 0.01%,
respectively) when compared with the HR treatment (0.02 ± 0.01%) (H2 = 19.841; p < 0.05)
(Games–Howell tests; p < 0.05) (Figure 7).
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Figure 6. Mean (± DP) of the distribution of the biometric parameters: total length (CT), body
length (CC), body width (LC), post-oral arm length (BP), and stomach length (CE) in microns (μm)
registered in S. granularis larvae by treatment (LR, MR, HR) at 10, 25, and 30 days post-fertilization
(DPF) for assays D1 (D. tertiolecta), D2 (R. marina), and D3 (D. tertiolecta and R. marina at a 1:1
cellular ratio) organized in subfigures (A–P). Significant differences (p < 0.05) in the distribution
of biometric parameters among treatments are represented by superscript letters (a–i and non-
significant differences (p > 0.05) are represented as ns. The absence of superscript letters indicates that
there were no significant or non-significant differences in the distribution of biometric parameters
among treatments.
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Figure 7. Survival of S. granularis larvae at 30 DPF for assays D1 (D. tertiolecta), D2 (R. marina), and
D3 (D. tertiolecta and R. marina at a 1:1 cellular ratio). Results showed as mean ± SD. Significant
differences (p < 0.05) among treatments are represented by different letters (a–c).

4. Discussion

Previous studies have provided insights into the impact of diet rations and microalgae
species on the survival and morphology of echinoid larvae in cultured conditions [17,21].

All conducted assays indicate that diet rationing significantly influenced larval devel-
opment. For instance, in the case of S. granularis larvae, a monospecific diet of D. tertiolecta
with a high ration (HR) facilitated faster development compared to treatments with lower
cell density (LR, MR). At 25 days post-fertilization (DPF), most larvae were in the eight-arm
pluteus stage. Similarly, during assay D1, the HR treatment led to a distribution of more
advanced stages (6 b and 8 b pluteus), while the LR and MR treatments exhibited less-
developed larvae (four-arm and six-arm pluteus). Notably, the D. tertiolecta HR treatment
at 10 DPF resulted in higher biometric development in parameters such as body length
(CC), body width (LC), and stomach length (CE), while the MR treatment promoted greater
post-oral arm length (BP) development. At 30 DPF, the larvae in assay D1 demonstrated a
consistent biometric development pattern, aligning with higher values for post-oral arm
length (BP) in the MR treatment, as seen in previous studies involving E. esculentus, P.
lividus, and P. miliaris. Survival rates in assay D1 were highest for the LR treatment, in line
with findings from other authors [6,18,21].

When it comes to a monospecific diet of R. marina, no significant differences in larval
stage development were observed among various ration treatments. Results showed con-
sistent developmental stage distributions across treatments throughout the assay. While the
higher cell density treatment (HR) promoted better biometric development in parameters
such as CC, LC, and BP, the lower cell density treatments (LR, MR) excelled in promoting
post-oral arm length (BP) development. Survival rates at 30 DPF were notably higher for
the LR and MR treatments compared to the HR treatment. However, it is worth noting that
survival rate results in this assay (D2) might not be linked to inadequate diet rationing but
instead to accelerated stage progression, resulting in larvae completing metamorphosis
in the incubators. It is worth noting that water quality parameters remained consistent
throughout the trials, with no detection of ammonia.
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In assays involving a combined diet of D. tertiolecta and R. marina at a 1:1 cellular
ratio, comparable larval development was evident when comparing LR and MR treatments
up to 25 DPF. By 30 DPF, it became evident that the combined microalgae diet supported
larval development up to the 8 b stage. All treatments exhibited similar distributions of
advanced larval stages and survival rates. In this context, the HR treatment fostered higher
biometric development in parameters such as CT, CC, LC, and CE, while the LR treatment
led to greater BP development. Notably, LR and MR treatments demonstrated the highest
survival rates.

Regarding the larval development of S. granularis, there is limited literature on the
larval stage and biometric dimensions. However, it is established that the species follows a
conventional development into planktotrophic and morphologically intricate larvae that
require around 30 to 40 days in aquaculture conditions to reach competence [13,23]. This
study underscores the influence of diet rationing and lower cell density diets on larval
development and survival rates, aligning with findings from studies involving P. lividus,
P. miliaris, and S. droebachiensis [2,14,17,18,24]. Notably, changes in biometric parameters
during larval development, such as post-oral arm length (BP) and body width (LC), hold
importance in assessing larval response to specific diet rations.

It has been demonstrated that microalgae diets with lower cellular density tend to yield
better survival rates in Echinus esculentus [21], P. lividus [2], and P. miliaris [18] larvae. Research
by Jimmy et al. [21] on E. esculentus suggests that higher food rations can be disadvantageous
for developing echinopluteus larvae, leading to decreased metamorphosis numbers and
survivorship. While apparent physiological impairments are not evident, other factors such as
algal metabolites might impact larvae fed high-ration diets. Similar observations were made
by Kelly et al. [18] in P. miliaris larvae fed a high-ration diet, resulting in shortened post-oral
arms when fed microalgae Pleurocrysis elongata. This indicates that different species exhibit
diverse development patterns despite similar survivorship outcomes.

Within the present study, a monospecific diet of D. marina fostered larval survivorship
but slowed development, with no specimens reaching the pre-metamorphic stage by
30 DPF. This suggests that D. marina sustains S. granularis larvae but does not promote
rapid stage progression and only supports larval development up to the 8 b stage in
30 DPF. Kelly et al. [18] highlight that D. marina lacks long-chain polyunsaturated fatty
acids (PUFAs) such as 20:5n − 3 (eicosapentaenoic) and 22:6n − 3 (docosahexaenoic), and
while these PUFAs might not be essential for P. miliaris development, the impact of these and
other biochemical components on larval, juvenile, or broodstock diets remains unexplored.

Conversely, a monospecific diet of R. marina resulted in faster development up to the
pre-metamorphic stage by 30 DPF, albeit with poorer larval survivorship. A combination
of both microalgae species diets yielded improved survival compared to a monospecific
R. marina diet, although no specimens reached the pre-metamorphic stage by 30 DPF. Al-
though the combination of both microalgae species seems better suited to the echinopluteus
development of S. granularis, it is important to acknowledge that larvae survival in all
assays was less than 1%, suggesting that further studies using other microalgae species and
cellular equivalence are needed.

Considering the imperative of a dependable source of high-quality juveniles for
sustainable aquaculture development, enhancing larval development and survival rate
up to competence under aquaculture conditions is paramount. Having established in this
preliminary work that a combination of both microalgae species seems a more appropriate
diet for S. granularis larvae, it is crucial for future studies to assess the impact of factors
such as temperature, salinity, and water quality ranges, which significantly influence
water quality maintenance and successful larval production. Additionally, investigations
should delve into diet regimes, comparing various microalgae species and their biochemical
components, given their substantial influence on larval development and survival.
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Abstract: Water temperature variations affect fish growth and health, often leading to huge losses
in fish production, especially during the cold season. To alleviate this constraint, fish farmers can
use a water heating system driven by solar energy during daytime. This action will cause a water
temperature drop during the night period, making it important to understand the physiological
response of fish exposed to the resulting day/night temperature oscillations. To investigate this
scenario, gilthead seabream juveniles (96.3 ± 1.0 g) were exposed to different thermal regimes for
67 days: Tconstant and Tdaily cycles. The latter group was exposed to daily water temperature
oscillations between ~19 and 13 ◦C compared with a constant temperature of ~19 ◦C for the other
experimental group. Temperature fluctuations compromised fish growth efficiency and reduced the
proportion of fatty acids in several tissues, with implications for the whole proximate composition.
Moreover, temperature oscillations influenced several blood parameters. These results favor the
usage of a constant water temperature of ~19 ◦C for optimal gilthead seabream juvenile production
instead of a day/night water temperature oscillating regime. Nevertheless, the type of energy used to
warm the water will depend on the operational conditions and/or business strategy of fish farmers.

Keywords: gilthead seabream; temperature; physiology; production; solar energy; aquaculture

1. Introduction

Water temperature is critical for ectothermic animals, such as fish, because they cannot
regulate their body temperature. Consequently, all physiological processes are affected by
this parameter. Numerous studies have shown that temperature has a huge impact on fish
growth rate and food consumption, especially for farmed fish which cannot escape from
unfavorable environmental conditions, such as low winter temperatures [1–3].

Gilthead seabream (Sparus aurata) is one of the most valuable farmed fish species in
the Mediterranean Sea. Wild gilthead seabream is exposed to wide fluctuations in water
temperature (11 to 30 ◦C), presenting a broad range of thermal tolerance [4]. Growth is
compromised when the water temperature drops below 13 ◦C, which provokes fasting,
growth arrest, general metabolic depression, and many other physiological alterations [5].
Winter syndrome is a pathology that may come from this complex biological response, often
leading to acute mortality episodes and thus, considerable economic losses [6]. To overcome
these issues in fish farms, rearing water temperature should be controlled, according
to each species’ optimal requirements, throughout the overall fish production period,
independently of temperature weather variations. However, this scenario is economically
inviable for fish farmers since it involves huge electricity and fuel costs, mainly in winter.
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Photovoltaic technology may provide a sustainable and affordable energetic solution to
overcome this obstacle by warming the rearing water only during daytime, causing a water
temperature drop during the night period [7]. To test this hypothesis, we evaluated the
effect of day/night water temperature fluctuations on the overall performance of gilthead
seabream. In this trial, a group of fish was maintained in warm water during daytime to
simulate water warming through solar energy and allow the normal feeding routine of the
fish. Overnight, to simulate the natural temperature drop associated with the night period
without the use of any water heating source, the water temperature was cooled down to
~13 ◦C, which corresponds to the average minimum temperature occurring over the year in
the western Mediterranean Sea [8]. Although several studies have tested the physiological
response of gilthead seabream exposed to water temperature oscillations [2,3,9,10], to
our knowledge, this is the first study in which gilthead seabream is exposed to repeated
day/night water temperature fluctuations where the cold period corresponds to the night
period in which fish do not feed and overall fish metabolism is decreased. The decreased
metabolism associated with cold temperatures was showed by [11].

Temperature variations can invoke biochemical and physiological changes at the
organismal and cellular levels. At the organismal level, these changes are mediated by the
neuroendocrine system and are generally characterized by changes in plasma metabolites,
hematological features, and the concentration of circulating stress hormones, such as
cortisol [12,13]. At the cellular level, thermal stress can induce the expression of heat shock
proteins (Hsps) such as Hsp70, which is an abundant and well conserved protein [13,14].
When cells are exposed to a stressor, a rapid increase in Hsp70 levels occurs to protect
the cells from the harmful effects of the stressor, such as temperature variations. Due
to the greater need for molecular chaperones under stressful conditions (as the rate of
cellular protein damage or refolding increases), the expression levels of Hsp70 in fish in
both experimental groups were evaluated in the gills, a key tissue that is in direct contact
with water temperature, and the liver, a central tissue in overall fish metabolism.

As metabolic functions are affected by temperature, the digestion process of fish can
also be disturbed, partly due to alterations in the activity of digestive enzymes [15]. Since
fish growth and health are dependent on the proper functioning of these enzymes and
the consequent absorption of nutrients in the intestine, digestive enzymes constitute an
important indicator to address the effect of long-term temperature fluctuations in fish.
Similarly, the digestibility of lipids can be affected by temperature variations, resulting
in changes in fatty acid composition [16] with possible effects on the fluidity of the cell
membranes of fish. A reduction in temperature results in the accumulation of unsaturated
fatty acids in the membranes during acclimation to low temperatures with concomitant
decrease of membrane fluidity [17,18]. All these temperature-related effects have an impact
on the quality of the final product, such as whole-body composition or flesh texture, as
they reflect the metabolic changes that are occurring in the fish body [15,19,20].

Better control of fish rearing conditions such as temperature will lead to the im-
provement of aquaculture practices and the consequent optimization of production and
associated costs. By precisely monitoring temperature, systems can be adjusted to ensure
optimal growth conditions of aquatic organisms for various locations, be they warm or cold.
Since daily temperature variations can induce changes in the physiological status of fish, we
analyzed the effects of day/night temperature fluctuations on gilthead seabream juveniles’
overall performance by monitoring growth and feed utilization parameters, blood and
plasma biochemistry, digestive enzyme activity, cellular stress, tissue structure, and fatty
acid composition.

2. Materials and Methods

2.1. Fish and Experimental Conditions

The fish trial was performed at the Aquaculture Research Station (EPPO) of the Por-
tuguese Institute of Sea and Atmosphere (IPMA) (Olhão, Portugal), certified by the Direção
Geral da Alimentação e Veterinária to execute animal experimentation under the autho-
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rization, 2018/12/17-025516. The experiment was directed by trained scientists (following
category C FELASA recommendations) and conducted according to the European guide-
lines on the protection of animals used for scientific purposes (Directive 2010/63/UE of
the European Parliament and the European Union Council) and the related Portuguese
legislation guidelines (Decreto-Lei 113/2013) on animal experimentation and welfare.

Fish juveniles used in this trial (8 months old) derived from a single spawn of gilthead
seabream broodstock maintained at the IPMA’s Aquaculture Research Station (EPPO).
A total of 720 gilthead seabream with a mean initial body weight of 96.3 ± 1.0 g were
distributed in six 1.5 m3 circular fiberglass tanks, resulting in a density of 7.7 ± 0.08 kg m−3.
Three tanks were subjected to water temperature variations, between ~13 ◦C (night) and
~19 ◦C (day), the Tdaily cycles group, and three tanks were kept at a constant temperature
during the whole experimental period (~19 ◦C) for 67 days, the Tconstant group. The fish
were fed three times a day (10.30 am, 2 pm and 4 pm) by hand to apparent satiety. Efforts
were made to limit overfeeding, and a continuous record of feed intake was maintained
during the entire trial. Rearing tanks were supplied with flow-through gravel-filtered,
aerated seawater (salinity: 34 part per thousand; dissolved oxygen 65–85%) at 600 L h−1.
The photoperiod was set at 14 L:10 D, with lights on at 9 a.m. Ammonia and nitrite levels
were kept around zero mg L−1. At the end of the trial, the fish from each tank were
weighed and biomass calculated. From each tank, 5 fish were used for blood collection,
tissue sampling and histology, 5 more were used for texture analysis, and another 6 for
proximal composition analysis.

2.2. Experimental Protocol—Day/Night Temperature Oscillations

The temperature variations for both groups, the Tconstant and Tdaily cycles, are
represented in Figure 1. The water temperature of both experimental groups was kept
warm during daytime for 7 h (warm period). The fish from the Tconstant group were kept
at 18.8 ± 0.1 ◦C throughout the whole experimental period, while fish from the Tdaily
cycles group were subjected to a temperature variation pattern during the night period.
The water temperature of the Tdaily cycles group was programmed to decrease after 5 p.m.
to initiate the cooling period. At this stage, the running warm water was replaced by
cold water, and after 5 h, the water temperature reached 12.3 ± 0.2 ◦C. This was the time
when the maximum difference between temperatures was attained (6.5 ± 0.1 ◦C). This cold
temperature was maintained for 7 h, characterizing the cold period. At 5 a.m., the water
temperature started to increase, taking approximately 5 h to reach the temperature of the
warm water (~19 ◦C), signaling the end of the warming period. The water temperature
oscillations were managed using a heat pump system, as described in [21].

Figure 1. Representative temperature variations in the water tanks containing gilthead seabream
juveniles during the experimental period (67 days). Fish were divided into two groups, with each group
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exposed to different thermic treatments: Tconstant (solid line) and Tdaily cycles (dashed line). Vertical
bars represent the mean ± SD. The shaded area represents the cold water period (5 p.m. to 5 a.m.).
The temperature variation periods and their duration are indicated. White and black bars above the
chart represent light and darkness, respectively.

2.3. Blood Collection and Tissue Sampling

Blood and tissue sampling occurred at 10 a.m. Blood collection was performed as
described in [21]. After blood collection, the fish were immediately sacrificed, weighed, and
measured and tissue samples (liver, gills, mid intestine, and white muscle) were collected.
The dissection procedure of the tissues was performed on a cold platform. Samples were
flash frozen in liquid nitrogen and stored at −80 ◦C until analysis. Liver samples for
histology were collected from the upper part of the longer lobule. Liver and gill samples
for histology were fixed with Bouin solution. Liver and visceral fat were weighed.

2.4. Liver Lipid Peroxidation

Lipid peroxidation is higher in well-irrigated tissues with lipid storage capacity, such
as the liver, which is therefore considered a good marker of oxidative damage in fish. Lipid
peroxidation levels were determined using a commercial kit (Bioxytech MDA-586, OXIS
International, Portland, OR, USA, Cat. No. 21044), which is based on the reaction of a chro-
mogenic reagent with MDA, a compound that arises from the oxidation of polyunsaturated
fatty acids. Briefly, the liver samples were homogenized in 5 mL g−1 of cold PBS (137 mM
NaCl, 2.5 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) using an Ultra-Turrax dis-
perser. A standard curve was constructed with an MDA standard ranging from 0 to 4 μM.
Tissue samples and standards were processed in parallel and at the end, 200 μL of each
sample was added to a 96-well plate in triplicate. The formation of MDA was measured on
a microplate reader at 586 nm (Multiskan GO, Thermo Scientific, Waltham, MA, USA). The
results were presented as nmol MDA per mg of total protein. Protein concentrations were
determined using the Bradford protein assay (5000006, BioRad, Hercules, CA, USA) [22].

2.5. Fatty Acid Profile Determination in Muscle and Liver Tissues

The fatty acid methyl esters, also known as FAME, were determined by acid-catalyzed
transesterification in fish tissue samples, as described in [23]. The results were expressed as
a percentage of its relative content.

2.6. Histology Assessment

Liver and gill samples were fixed with Bouin solution for 72 h, washed in tap water,
and stored in ethanol 70% (v/v) until paraffin embedding. Sections of 6–7 μm, obtained
using a microtome Leica RM-2155 (Leyca, Vienna, Austria), were stained with hematoxylin
and eosin and examined under a light microscope. Microphotographs were examined
under a binocular microscope, Nikon Eclipse Ci, and photographed using a Nikon DS-Fi2
camera. All sections were examined by the same researcher. Liver sections were evaluated
for the integrity of the whole tissue and the hepatocyte cytoplasmic area was used to
extrapolate the amount of energy reserves. The cytoplasmic area was determined in a
defined image area (n = 3 per section; 15 fish per treatment), chosen to best represent the
whole tissue section, considering the distinct dyed structures: dark stained nuclei and
light stained cytoplasm and extracellular matrix. Cellular areas were determined using
the ImageJ program v1.6.0. Gill sections were evaluated according to the length of the
secondary lamellae. Three secondary lamellae were randomly selected from each fish
section (15 fish per treatment). In total, 45 measurements per treatment were applied to
calculate average values using ImageJ program v1.6.0.

2.7. Protein Extraction and Western Blot Analysis

Proteins were extracted based on the protocol adapted from [24,25]. Equivalent
amounts of extracted proteins (75 μg) were separated on 12% (w/v) TGX stain-free poly-
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acrylamide gels (BioRad, Hercules, CA, USA, Cat. No. 1610185) and transferred onto
PVDF membranes (Amersham, UK, 0.45 μm) with prior exposure of stain-free gels to
UV light for 1 min using the Chemidoc XRS+ imager (BioRad, Hercules, CA, USA, Cat
No. 1708265). Immediately after transfer, the stain-free blots were again exposed to UV
light for total protein band detection. Western blot analysis was executed as explained
in [25] and the detected bands were quantified using Imagelab 6.0 software and normalized
to total protein.

2.8. Hematology and Plasmatic Determinations

Before obtaining the plasma, a sub-sample of blood was removed from the initial
blood sample drawn from each fish for hematocrit and hemoglobin analysis as described
in [21,26]. The remaining blood was centrifuged at 2500× g for 10 min to obtain plasma,
which was stored at −80 ◦C until analysis. Cortisol, glucose, total protein, and triglyceride
levels were determined using commercial kits as described in [21]. Each sample underwent
duplicate examination.

2.9. Digestive Enzymes

Mid intestine samples were collected and cut up on an ice surface according to [26].
The samples were then homogenized (IKA homogenizer) in 30 volumes (w/v) of ice-cold
2 mM Tris-HCl buffer at pH 7.0 containing 50 mM manitol for periods of 2 × 30 s. Two
aliquots of homogenate were obtained. The first aliquot was used for the determination of
digestive enzymes in the homogenate, which was centrifuged at 3300× g for 15 min at 4 ◦C,
and the supernatant transferred to a clean tube. The second aliquot was used for brush
border membrane purification, where 100 μL of 0.1 M calcium chloride was added to the
homogenate, followed by centrifugation at 9000× g at 4 ◦C for 10 min. The supernatant
was centrifuged again at 26,000× g at 4 ◦C for 40 min. The pellet was re-suspended in
5 mM Tris-Hepes buffer at pH 7.5 containing potassium chloride and 1 mM DTT, and was
used for enzyme activity determination. Amylase activity was determined using starch
as a substrate, dissolved in a pH 7.4 sodium phosphate buffer [27]. Alkaline phosphatase
activity was assayed using 5 mM p-nitrophenyl-phosphate (pNPP) as a substrate in a
30 mM carbonate buffer at pH 9.8 [28]. Aminopeptidase activity was assayed using 0.1 M L-
leucine p-nitroanilide as a substrate in an 80 mM solution of phosphate buffer at pH 7.0 [29].
Alkaline protease activity was determined according to the method described by [30],
modified by [31]. Total soluble protein in enzyme extracts was determined in line with the
Bradford technique, using bovine serum albumin as the standard protein [22]. Enzymatic
activities were expressed as mU per mg of total protein.

2.10. Whole-Fish Proximate Composition Analysis

Proximate composition of the whole fish was analyzed to evaluate the impact of
temperature variations on body carcasses. At the end of the experiment, 6 fish per tank were
collected and frozen at −20 ◦C. The proximate composition of the whole fish was performed
according to the reference AOAC methods [32]: dry matter by drying at 105 ◦C for 24 h;
ash by combustion at 550 ◦C for 12 h; crude protein (Nx6.25) using a flash combustion
technique, followed by gas chromatographic separation and thermal conductivity detection
(LECO FP528); and crude fat after ethyl ether extraction using the Soxhlet method.

2.11. Whole-Fish Texture Analysis

Texture analysis was performed on the whole fish, without scaling, by compression,
using a TA.XTPlus texture analyzer (Stable Micro Systems, Godalming, UK), equipped with
a load cell of 30 kg, applying the single compression test. Whole-fish firmness (hardness)
was determined using a 5 mm diameter spherical probe (P/5S) to simulate human finger
(thumb) compression, which moved down 4 mm on fish at a constant speed of 1 mm s−1.
A total of 4 measurements was made on each fish in the zone between the operculum and
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the first ray of the dorsal fin (two readings on each side, right and left). Fifteen fish (5 fish
from each replicate) from both treatments were analyzed.

2.12. Statistics

All data were tested for homogeneity using Levene’s test, and the assumption of
normal distribution was checked using the Shapiro–Wilk test. The Mann–Whitney U test
was applied when the normality assumption was not verified. Values were reported as the
mean ± SD, with the exception of Hsp70 expression, digestive enzymes, and hematologic
parameters, which were expressed as mean ± SEM. The feed conversion ratio (FCR),
specific growth rate (SGR), daily feed intake (DFI), and Hsp70 expression parameters were
expressed as means of three replicates considering each tank as an experimental unit. The
remaining parameters were expressed as means of 15 or 30 replicates, considering each
fish an experimental unit per treatment. Student’s t-test was used to check the differences
between the Tconstant and the Tdaily cycle treatments. The results were considered
significant at the 95% confidence level (p < 0.05). All statistical tests were performed using
IBM-SPSS Statistics v25 software. Graphs were created using GraphPad Prism 5 software.

3. Results

3.1. Production Parameters

No fish mortality occurred throughout the experimental trial. The behavior of the fish
varied in response to water temperature. The Tconstant group showed higher swimming
activity and appetite than fish subjected to thermal fluctuations. The latter feature was
supported by a higher daily feed intake (DFI) (Table 1). Fish final body weight (FBW)
was greatest in fish maintained at constant temperature compared with fish exposed to
temperature variations. Similarly, weight gain (WG), specific growth rate (SGR), and
condition factor (CF) were greater in the Tconstant fish group. The feed conversion ratio
(FCR) was lower for the Tconstant fish group, indicating significantly better feed utilization
than fish exposed to water temperature fluctuations. The hepatosomatic index (HSI) and
visceral fat somatic index (VFSI) were affected by water temperature variations, showing
that the Tconstant group had higher values than the Tdaily cycles group for the latter
parameter. The level of oxidized lipids was unaffected by water temperature variations
(Table 1).

Table 1. Morphometric feed utilization parameters and liver oxidized lipid content of gilthead
seabream from the Tconstant and Tdaily cycle groups.

Parameters Tconstant Tdaily Cycles p-Value

IBW 1 97.3 ± 1.9 96.1 ± 0.3 0.382
FBW 2 173.2 ± 8.1 129.5 ± 1.4 0.001 *
WG 3 8866 ± 789 4012 ± 200 <0.001 *
SGR 4 0.86 ± 0.05 0.45 ± 0.02 <0.001 *
CF 5 1.68 ± 0.13 1.59 ± 0.09 0.003 *
DFI 6 1.36 ± 0.05 0.91 ± 0.01 <0.001 *
FCR 7 1.65 ± 0.11 2.07 ± 0.08 0.005 *
HSI 8 1.57 ± 0.21 1.90 ± 0.18 <0.001 *
VFSI 9 2.06 ± 0.64 1.32 ± 0.47 0.001 *

Liver oxidized lipids 10 164.9 ± 55.0 168.1 ± 61.2 0.884
Values represent the mean ± SD. * Indicates statistically significant differences between treatments (t-test, p < 0.05).
The statistical value of p is indicated. 1 Initial body weight (IBW) (g): initial biomass (g)/ initial fish number. 2 Final
body weight (FBW) (g): final biomass (g)/final fish number. 3 Weight gain (WG) (g): Final biomass (g)—Initial
biomass (g). 4 Specific growth rate (SGR) (% day−1): [(Ln final body weight (g)—Ln initial body weight (g))/Time
(days)] × 100. 5 Condition factor (CF) (g cm−3): body weight (g)/body length3 (cm) × 100. 6 Daily feed intake
(DFI) (% day−1): 100 × total amount consumed feed/[Time days × (final weight + initial weight)/2]. 7 Feed
conversion ratio (FCR): total amount of consumed feed (g)/weight gain (g). 8 Hepatosomatic index (HSI) (%): liver
weight (g)/body weight (g) × 100. 9 Visceral fat somatic index (VFSI) (%): fat weight (g)/body weight (g) × 100.
10 Liver oxidized lipids (nmol MDA g−1 total protein).
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3.2. Fatty Acid Composition

Table 2 shows the fatty acid composition of the liver and white muscle fillets of
gilthead seabream exposed to different water temperature regimes. Total fatty acids were
unaffected by temperature variations in both tissues (p = 0.745, liver; p = 0.119, muscle).
However, the total saturated fatty acid (SFA) content was significantly affected in the
group of fish exposed to daily temperature oscillations, with a reduction of C16:0 fatty
acids in both tissues (p < 0.001, liver; p < 0.001, muscle) and C18:0 fatty acids only in
muscle fillets (p = 0.663, liver; p = 0.032, muscle). The levels of monounsaturated fatty
acids (MUFA, p = 0.864, liver; p = 0.401, muscle) and polyunsaturated fatty acids (PUFA,
p = 0.403, liver; p = 0.460, muscle) were unaffected by water temperature changes. Total ω3
levels were unaffected in both tissues (p = 0.461, liver; p = 0.227, muscle); however, total ω6
levels increased in the muscle of fish exposed to water temperature oscillations (p = 0.016).
Nevertheless, these temperature variations showed no effect on the ratio between these
two PUFAs (p = 0.632, liver; p = 0.635, muscle). Eicosapentaenoic acid (EPA, p = 0.473,
liver; p = 0.465, muscle) and docosahexaenoic acid (DHA, p = 0.469, liver; p = 0.246, muscle)
levels were unchanged by water temperature oscillations in both fish tissues.

Table 2. Fatty acid composition of the liver and white muscle fillets of gilthead seabream exposed to
different treatments, Tconstant and Tdaily cycles.

Liver Muscle

% of Total Fatty Acids Tconstant Tdaily Cycles Tconstant Tdaily Cycles

C14:0 1.94 ± 0.16 1.88 ± 0.22 2.04 ± 0.26 2.14 ± 0.18
C16:0 17.31 ± 0.68 * 15.05 ± 0.73 17.11 ± 0.32 * 16.37 ± 0.29
C18:0 6.07 ± 0.86 6.19 ± 0.44 4.79 ± 0.39 * 4.52 ± 0.21

Other SFA 2.34 ± 0.53 * 3.08 ± 1.16 1.81 ± 0.11 1.81 ± 0.13
Total SFA 27.69 ± 1.32 * 26.19 ± 1.24 25.74 ± 0.43 * 24.81 ± 0.38

C16:1 (ω7 + ω9) 5.26 ± 1.23 5.71 ± 0.32 5.89 ± 0.61 6.16 ± 0.34
C18:1 (ω5 + ω7 + ω9) 31.19 ± 2.58 31.23 ± 2.86 29.49 ± 2.05 29.36 ± 1.11

C20:1 (ω7 + ω9) 1.47 ± 0.11 * 1.25 ± 0.26 1.50 ± 0.33 1.38 ± 0.12
Other MUFA 0.89 ± 0.10 * 0.81 ± 0.06 0.91 ± 0.10 0.87 ± 0.09
Total MUFA 38.80 ± 2.45 38.99 ± 3.17 37.79 ± 2.82 37.79 ± 1.49
C18:2 (ω6) 11.37 ± 0.87 11.36 ± 0.90 12.47 ± 0.41 * 12.84 ± 0.34
C18:3 (ω3) 0.84 ± 0.13 0.77 ± 0.12 0.99 ± 0.08 1.01 ± 0.05
C20:4 (ω6) 1.40 ± 0.27 1.61 ± 0.33 1.34 ± 0.30 1.32 ± 0.18

C20:5 (ω3) EPA 3.18 ± 0.49 3.31 ± 0.49 3.94 ± 0.31 4.01 ± 0.19
C22:6 (ω3) DHA 9.53 ± 2.38 10.16 ± 2.14 11.11 ± 2.30 11.27 ± 1.14

Other PUFA 4.30 ± 0.36 4.50 ± 0.30 4.72 ± 0.63 4.71 ± 0.20
Total PUFA 30.59 ± 3.74 31.77 ± 3.64 34.59 ± 2.50 35.19 ± 1.58
DHA/EPA 2.99 ± 0.48 3.03 ± 0.26 2.80 ± 0.38 2.81 ± 0.21

Total ω3 16.26 ± 3.04 17.08 ± 2.75 19.21 ± 2.47 19.39 ± 1.32
Total ω6 13.91 ± 0.91 14.21 ± 1.11 14.99 ± 0.26 * 15.34 ± 0.43

Ratio ω3/ω6 1.16 ± 0.17 1.19 ± 0.14 1.27 ± 0.16 1.26 ± 0.06
Total

(SFA + MUFA + PUFA) 97.06 ± 1.09 96.96 ± 0.33 98.10 ± 0.66 97.81 ± 0.17

Total NI 2.94 ± 1.09 3.04 ± 0.33 1.90 ± 0.66 2.19 ± 0.17
Values are mean ± SD (n = 15). * Indicates statistically significant differences between each tissue from the
experimental treatments (t-test, p < 0.05). SFA—Saturated fatty acids; MUFA—Monounsaturated fatty acids;
PUFA—Polyunsaturated fatty acids; EPA—Eicosapentaenoic acid; DHA—Docosahexaenoic acid; Total NI—Non-
identified fatty acids (100—Total SFA + MUFA + PUFA).

3.3. Liver and Gill Histology

No histomorphological changes were found in the liver or gill secondary lamellae
structures of fish exposed to both experimental treatments (Figure 2). Moreover, there were
no significant differences between secondary lamellae length of gills from fish exposed to
water temperature fluctuations and constant temperature (Table 3). Similarly, thermal fluc-
tuations had no significant impact on the energy reserves of fish hepatocytes, demonstrated
by similar cytoplasmic areas.
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Figure 2. Light microphotographs of the liver (A,B) and gills (C,D) of gilthead seabream exposed to
different water temperature treatments for 67 days, Tconstant (A,C) and Tdaily cycles (B,D). Scale
bar: 8.5 μm; magnification 40×; hematoxylin-eosin staining.

Table 3. Measurements of gill and liver sections of gilthead seabream exposed to different water
temperature treatments, Tconstant and Tdaily cycles.

Parameter Tconstant Tdaily Cycles p-Value

HCA (%) 57.3 ± 4.81 60.6 ± 6.37 0.126
VL (μm g−1) 0.35 ± 0.05 0.34 ± 0.03 0.646

Values are means ± SD (n = 15). HCA—Hepatocyte cytoplasmic area: 100—nuclear area (%); VL—Secondary
lamellae length (μm)/fish weight (g). The statistical value of p is indicated (t-test, p < 0.05).

3.4. Hsp70 Expression Levels

The relative expression of Hsp70 was monitored in the liver and gills of gilthead
seabream (Figure 3). Either in the liver (p = 0.882) or in the gills (p = 0.159), Hsp70
expression levels were unaffected by water temperature variations.

3.5. Blood Parameters and Plasma Metabolites

Fish exposed to temperature variations exhibited greater hemoglobin values than
those subjected to constant temperature during the whole experimental period (Table 4).
No significant changes in hematocrit, plasmatic glucose and triglycerides were found
between the different thermal treatments. Total protein levels were superior in fish ex-
posed to temperature variations and cortisol levels rose in the group of fish exposed to
constant temperature.
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Figure 3. Relative expression of Hsp70 in the gills (A) and liver (B) of gilthead seabream experimental
groups Tconstant and Tdaily cycles. Total protein was used as a normalization control for the western
blots. Values are expressed as mean ± SEM of (n = 3) (t-test, p < 0.05).

Table 4. Blood parameters and plasma metabolites of gilthead seabream from Tconstant and Tdaily
cycles groups.

Parameters Tconstant Tdaily Cycles p-Value

Hemoglobin (g dL−1) 3.74 ± 0.46 6.43 ± 0.42 <0.001 *
Hematocrit (%) 32.9 ± 1.4 33.3 ± 0.9 0.841

Glucose (mg L−1) 54.3 ± 3.0 56.1 ± 3.6 0.714
Cortisol (μg dL−1) 35.9 ± 9.5 14.4 ± 4.4 0.031 *

Total proteins (g L−1) 30.9 ± 1.4 33.8 ± 1.4 0.026 *
Triglycerides (mg mL−1) 1.07 ± 0.04 1.15 ± 0.02 0.152

Values represent the mean ± SEM. * Indicates statistically significant differences between treatments (t-test,
p < 0.05). The statistical value of p is indicated.

3.6. Activity of Intestinal Digestive Enzymes

Higher levels of alkaline phosphatase activity were found in the intestinal mucosa
of gilthead seabream exposed to water temperature oscillations when compared with
the group of fish subjected to constant temperature. The activity of aminopeptidase,
amylase, and alkaline protease was unaffected by water temperature oscillations. Similar
observations were registered for the analyzed brush border enzymes (aminopeptidase and
alkaline phosphatase) (Table 5).
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Table 5. Intestinal brush border (BB) and digestive enzymes (mU mg−1) in gilthead seabream exposed
to different water temperature regimes, Tconstant and Tdaily cycles.

Digestive Enzymes Tconstant Tdaily Cycles p-Value

Aminopeptidase 42.0 ± 6.9 46.1 ± 7.3 0.689
Amylase 2500 ± 300 2300 ± 300 0.641

Alkaline Phosphatase 96.8 ± 18.7 248.3 ± 52.8 0.015 *
Alkaline proteases 5.6 ± 1.8 4.6 ± 1.3 0.867

Aminopeptidase (BB) 244.1 ± 70.5 235.5 ± 54.2 0.436
Alkaline Phosphatase (BB) 586 ± 136 1157 ± 263 0.098

Values represent the mean ± SEM (n = 15). * Indicates statistically significant differences between treatments
(t-test, p < 0.05). The statistical value of p is indicated.

3.7. Whole-Fish Proximate Composition and Texture

Daily temperature variations significantly affected the dry matter, crude protein, and
fat content of fish (Table 6). Dry matter and crude fat content decreased with temperature
oscillations while crude protein content increased. In contrast, ash content was unaffected
by this variable. Moreover, water temperature variations had no effect on fish texture
(Table 6).

Table 6. Proximate composition analysis and texture of whole fish from Tconstant and Tdaily cycles
gilthead seabream groups.

Parameters Tconstant Tdaily Cycles p-Value

Crude protein (%) 45.8 ± 1.7 49.0 ± 1.9 <0.001 *
Crude fat (%) 37.8 ± 2.5 32.9 ± 2.5 <0.001 *

Dry matter (%) 36.1 ± 1.6 34.1 ± 1.4 <0.001 *
Ash (%) 17.5 ± 3.1 19.1 ± 2.5 0.099
Texture 0.99 ± 0.17 1.10 ± 0.15 0.088

Values represent the mean ± SD (n = 15). * Indicates statistically significant differences between treatments (t-test,
p < 0.05). The statistical value of p is indicated.

4. Discussion

Repeated day/night water temperature oscillations induced several features associated
with the winter syndrome, such as a reduction in growth, food ingestion, and increased
HSI [6]. These observations may be due to the overall metabolic depression associated
with the repeated cold periods [3]. Depressed metabolism may lead to alterations in the
hepatic lipid metabolism of fish, causing an increase in liver mass due to the accumulation
of lipids [33,34]. Despite a higher HSI, histological analysis showed no differences in the
hepatocyte cytoplasmic area of fish exposed to both experimental treatments, suggesting
similar energy reserves. In fact, gilthead seabream exposed to 5 cycles of thermal changes
showed no lipid deposition in the liver [3]. Our results may indicate a moderate effect of
thermal oscillations on the hepatic metabolism, perhaps caused by the continued feeding
activity during daytime, which may compensate for any harsh hepatic damage caused
by cold night periods. Indeed, liver fatty acid composition only differed in terms of total
saturated fatty acid (SFA) content, which was significantly lower in the group of fish
exposed to water temperature oscillations than in the Tconstant group, mainly due to the
reduction of C16:0 fatty acid (palmitic acid). In muscle, thermal fluctuations significantly
decreased the amount of SFA, primarily due to a reduction in C16:0 and C18:0 (stearic
acid) fatty acids. This SFA decrease was accompanied by a significant increase in the
levels of total ω6 polyunsaturated fatty acids (PUFA), mostly due to an increase in C18:2
fatty acid (linoleic acid). Low temperatures often lead to an increase in unsaturated fatty
acids of phospholipids to maintain appropriate fluidity of cell membranes [34]. SFA in
phospholipid tails is relatively straight. In contrast, unsaturated fatty acids contain some
double bounds between carbon atoms, resulting in torsions of carbon chains. These twists
in their tails push adjacent phospholipid molecules away, maintaining some space between
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the phospholipid molecules and resulting in a more fluid membrane [35]. For this reason,
as the proportion of phospholipids with unsaturated fatty acids increases, the fluidity
of membranes also increases [36]. The significant decrease in the proportion of SFA in
the liver and muscle of gilthead seabream in response to thermal oscillations showed
mild adaptation to the repeated cold periods. Our findings correspond to the response of
steelhead trout to temperature drops, in which the concentration of unsaturated fatty acids
of phospholipids increased in several tissues, including muscle [37]. Ibarz and colleagues
reported no homeoviscous adaptation of liver membranes after exposing gilthead seabream
to both short-term cold stress at two different rates and 5-cycle repetitive temperature
fluctuations. However, they did report increased levels of unsaturated fatty acids in muscle
tissue [20]. These contradictory effects on the liver of gilthead seabream in response to the
cold may be due to the different experimental conditions, such as different temperature
ranges, feeding regimes, and/or cold periods, causing different physiological responses in
the fish.

Oxidative stress is an important component of the stress response in marine organ-
isms, which are exposed to environmental stressors, such as temperature variations [38,39].
Cold water environments contain higher levels of dissolved oxygen, which may facilitate
any oxidative injury. The higher proportion of unsaturated fatty acids found in the liver
membranes of fish from the Tdaily cycles group can accentuate this scenario, since they
are more susceptible to being attacked by oxygen [40]. However, these thermal oscillations
caused no greater oxidative damage in the liver of fish compared with the group of fish
exposed to constant temperature, as demonstrated by similar levels of the lipid peroxi-
dation product, malondialdehyde (MDA). Studies on European sea bass demonstrated
oxidative stress as the temperature moved away from thermal optimum [38]. Although
daily temperature fluctuations can cause repetitive withdrawals when compared with
the Tconstant group, fish are able to recover by remaining without significant oxidative
stress injuries for some hours (7 h) of each cycle at ~19 ◦C. Indeed, the expression levels
of Hsp70 showed no significant differences in the liver and gills of either experimental
group of fish. Although cold temperatures can stimulate the expression of Hsp70 in the
liver of gilthead seabream [41], the tested thermal oscillations did not induce any cellular
thermal stress response, possibly because the levels of damaged or misfolded proteins
were not high enough to trigger their action. Moreover, the thermal variations caused no
histomorphological alterations to the secondary lamellae of the gills, with both groups
exhibiting similar villi length. Although gills may adapt their structure to changes in the
environment, such as temperature variations [42], our experimental thermal oscillations
were not able to cause any change in their structure.

Previous observations of our group showed that 2 cycles of water temperature fluctua-
tions decreased the metabolic activity of the gilthead seabream, with concomitant variation
in the levels of several blood and plasmatic parameters, essentially observed close to the
influence of the cold water period or during the water cooling period [21]. After a longer
period of daily temperature fluctuations, gilthead seabream showed a significant increase
in hemoglobin concentration, with no variation in hematocrit levels compared with the
group of fish maintained at a constant temperature. The long-term repetitive water tem-
perature oscillations might act as a stressor, forcing the fish to make daily adjustments
in their oxygen carrying capacity. These adjustments may be induced either by higher
swimming activity or lower dissolved oxygen levels during the warmer water periods or
the opposite scenario during the colder phases [43]. Since blood sampling was performed at
the beginning of the warm period (10 a.m.), the fish were coming from the warming period
where they were adapting to the new warm temperature environment. Therefore, the
higher hemoglobin values determined for the Tdaily cycles group of fish may be reflecting
this shift in water temperature. Moreover, this group of fish demonstrated a reduction
in cortisol levels, which could be associated with the different feeding activity exhibited
by both experimental groups [21,44], mainly evidenced by the lower DFI in the Tdaily
cycles group compared with the constant temperature group. Cortisol levels can influence
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glucose metabolism in fish [12]; however, under our experimental conditions, plasma
glucose levels were unaltered in both groups. Triglyceride levels were also unchanged in
both thermal regimes. This may indicate that these two blood-circulating metabolites are
influenced by feeding since, by the time of sampling, both experimental groups were at
similar post-prandial status. Drops in plasmatic total protein in fish are associated with
fasting and low temperature scenarios [9]; however, in our study, we saw an increase in
plasmatic total protein in the fish exposed to temperature fluctuations.

Temperature has a great effect on the structure and catalytic function of enzymes
within metabolic pathways. For this reason, it is important to ensure an adequate rearing
temperature level to guarantee that all metabolic pathways are working properly to produce
high-quality, marketable-sized animals. Studies on the activity of digestive enzymes in
fish can elucidate some aspects of the whole digestive capacity of fish. To evaluate the
impact of day/night temperature oscillations on the digestive capacity of fish, the activity
of pancreatic (amylase) and intestinal enzymes (aminopeptidase, alkaline phosphatase, and
alkaline protease) was determined. Additionally, the activity of brush border membrane
enzymes (aminopeptidase and alkaline phosphatase) was evaluated since these enzymes
are responsible for the final stages of degradation and assimilation of nutrients by the
intestinal cells. Overall, the long-term temperature fluctuations had no effect on the activity
of brush border and digestive enzymes except for the cytosolic alkaline phosphatase, whose
activity was higher in the fish exposed to temperature oscillations. A gradual decrease in
water temperature from 18 to 2 ◦C caused a reduction in the intestinal alkaline phosphatase
activity in Carassius carassius [45]. That study disagrees with our results perhaps because of
the different experimental thermal oscillation conditions and the physiological response of
the investigated species. In fact, the metabolism of the Tdaily cycles group exhibited higher
plasmatic total protein levels and higher whole-fish protein content. Since the intestinal
alkaline phosphatase dephosphorylates phosphorylated dietary moieties (e.g., proteins), the
long-term day/night temperature variations could promote a higher protein metabolism to
obtain energy to maintain physiological processes rather than growth. However, the fish
reared at a constant temperature may have redirected energy from digested food to growth
and fat storage, as directly evidenced by higher somatic growth (superior FBW, WG, SGR,
CF), better feed efficiency (lower FCR), and increased visceral fat (VFSI) indicators [15,46].
Curiously, these differences in the whole-fish proximate composition analysis were not
reflected in the fish texture. This parameter can be affected by several factors, such as lipid
oxidation [47] and/or protein degradation [48]. Despite the differences in the whole-body
fat and protein content between groups, the previously mentioned biochemical reactions
had little or no effect on fish texture.

5. Conclusions

The overall aim of this study was to simulate the usage of a solar water heating
system during daytime and investigate its effects on the whole performance of gilthead
seabream juveniles. Long-term water temperature fluctuations reduced fish growth and
affected several other physiological processes. Therefore, these findings favor the usage of
a constant water temperature of ~19 ◦C for optimal gilthead seabream juvenile production
instead of a day/night water temperature oscillating regime. Solar energy can be used to
warm the rearing water 24/7. This decision can be done by fish farmers according to their
operational conditions and/or business strategy.
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Abbreviations

BB Intestinal brush border
CF Condition factor
DFI Daily feed intake
DHA Docosahexaenoic acid
EPA Eicosapentaenoic acid
FAME Fatty acid methyl esters
FBW Final body weight
FCR Feed conversion ratio
HCA Hepatocyte cytoplasmic area
HSI Hepatosomatic index
Hsp70 Heat Shock Proteins of 70 kDa
IBW Initial body weight
MUFA Monounsaturated fatty acid
PUFA Polyunsaturated fatty acid
SFA Saturated fatty acid
SGR Specific growth rate
Total NI Non-identified fatty acids
VFSI Visceral fat somatic index
VL Secondary lamellae length
WG Weight gain
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Abstract: Coastal shellfish aquaculture can influence benthic–pelagic-coupled systems because cul-
tured species consume phytoplankton in the water column and return the captured organic matter
and nutrients to the environment as biodeposits, which fall to the seafloor, affecting local sediment
characteristics and the benthic community. In 2023, we conducted monthly field surveys to character-
ize the relationships between shellfish aquaculture and the surrounding environment by examining a
range of physical and biological variables along the benthic–pelagic gradient at multiple sampling
locations in relation to their distances from the aquaculture facilities in Onagawa Bay, Japan. The
abundances of benthic macrofauna were dominated by polychaetes (86.3%), followed by gastropods
(4.7%), malacostracans (2.7%), ophiuroids (2.1%), and bivalves (1.5%). Both benthic biomass and
biodiversity were markedly higher, but the chlorophyll-a concentration of the water column and the
sediment organic matter content were significantly lower at the closest proximity to the aquaculture
facilities. Although the physical presence of shellfish aquaculture may effectively enhance pelagic–
benthic energy fluxes, such processes may also pose a new challenge under the influence of recent
global warming, causing widespread hypoxic conditions due to increased stratification in the water
column accompanied by excess organic inputs from the aquaculture.

Keywords: shellfish aquaculture; benthic–pelagic coupling; benthic macrofauna; phytoplankton;
bio-deposit; global warming; hypoxia; socioecological system

1. Introduction

Aquaculture will continue to play a crucial role in meeting the increased demand
for essential protein and nutrients for food globally, and while the global production of
aquatic animals from both capture fisheries and aquaculture reached the highest record of
185 million tonnes in 2022, the production of animal species from aquaculture exceeded
that from capture fisheries for the first time, with aquaculture accounting for 51 percent of
the total production [1]. The outlook suggests that aquaculture production will increase
greatly in the future [1], and the expected increase in aquaculture operations has raised
concerns regarding the impacts of the associated activities on local environments [2–6].
Initially, attention was directed to the influence of finfish aquaculture on the environment
because chemicals and excess nutrients from food and feces associated with finfish farming
may disturb the surrounding area if the operations are intense [2,7,8]. Studies have also
shown that aquaculture has a negative impact, to a varying degree, on the environment
through changes in the physical, chemical, and biological attributes of the sediments below
and the water column around aquaculture installations [2,9–11]. The culture of shellfish
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and other suspended filter-feeders, such as ascidians, is generally considered to have a
smaller environmental impact than finfish aquaculture because shellfish are grown at
comparatively lower intensities and no external feed is added [6,12–14]. However, shellfish
farms typically cover a much greater area than finfish farms and may affect the surrounding
environment in different ways [14–16].

Many towns and villages located along the northern Pacific coast of Japan are renowned
for their commercial fishing and aquaculture industries. This region is known as the San-
riku Coast (Figure 1a), and major warm and cold ocean currents converge offshore of the
region, providing some of the most productive fishing grounds on earth. Onagawa Bay
accommodates one of the major fishing ports in this region, producing a variety of wild-
caught and farmed seafood, including flatfish, Pacific cod, salmon, shellfish, and cultured
ascidians. In Onagawa Bay alone, there are over 700 long-line systems for culturing scallops,
oysters, and edible ascidians, as well as around 80 fish cages for farming salmon, which
account for 84.5 and 15.5% of the total area occupied by the respective aquaculture facilities
(Figure 1b). The long-line method is widely used to culture filter feeders (e.g., mussels,
oysters, scallops, and ascidians), and this method may readily influence the sea bottom
below and the surrounding water column through benthic–pelagic processes. This is be-
cause cultured shellfish and ascidians feed entirely on naturally occurring phytoplankton
with other suspended particles in the water column, and the food and nutrients captured
by them can be returned to the environment as undigested waste or feces in the form of
biodeposits, which fall to the seafloor and can become important food sources for benthic-
deposit feeders [12,13,15]. The suspended filter-feeder aquaculture may therefore enhance
the organic material flux to the sediment layer, and populations of benthic invertebrates
and microorganisms in turn decompose the biodeposits and thereby control the number of
nutrients released to the sediment–water interface [15,17]. Further, an enhanced organic
matter flux together with the increased remineralization processes on the bottom layer may
lead to increased sediment oxygen uptake by the benthic community and thereby cause
hypoxic conditions on the surrounding seafloor [16–18].

Figure 1. (a) Location of Onagawa Bay on the Sanriku Coast, Japan; (b) distribution of aquaculture
facilities in Onagawa Bay (the red lines represent long-line aquaculture facilities); (c) locations of
sampling stations in relation to the position of aquaculture facilities (the blue filled circles indicate
the sampling stations).
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Shellfish aquaculture facilities provide unique marine habitats in that they not only
vertically stretch throughout the water column from the sea surface to the bottom but also
occupy substantial areas horizontally in coastal shallow water environments, attracting
various marine species ranging from benthic and demersal to pelagic organisms within
the system [19,20]. The physical presence of shellfish aquaculture may therefore effectively
mediate benthic–pelagic coupling processes through the enhanced biogeochemical cycle
of organic matter from the surface to the bottom. However, such processes may also pose
a challenge under the influence of recent global warming, causing widespread hypoxic
conditions due to increased stratification of the water column accompanied by enhanced
sediment oxygen uptake at the sea bottom triggered by the excess organic inputs generated
from the pelagic aquaculture operations. The aim of this study was to characterize the
relationships between shellfish aquaculture and the surrounding environment by exam-
ining a range of physical and biological variables along the benthic–pelagic gradient at
multiple sampling locations in relation to their distances from the aquaculture facilities in
Onagawa Bay, Japan. This was accomplished by investigating (1) the temporal variation
in the community structures of benthic macrofauna observed in the sediment samples
across the stations; (2) the temporal variation in the sediment properties observed in the
sediment samples across the stations; (3) the temporal variation in the relative abundances
of epibenthic megafauna observed in the underwater video data across stations; and (4) the
temporal variation in the physical conditions of the water column observed in the CTD
monitoring across stations. Based on the quantification of these variables, we discuss the im-
plications of seasonal variability in the influence of coastal aquaculture operations on both
benthic–pelagic coupling processes and subsequent shallow aquatic ecosystem dynamics.

2. Materials and Methods

2.1. Data Collection

Onagawa Bay is located on the Sanriku Coast of northern Japan (Figure 1a). The
bay is characterized by a naturally sheltered deep-water harbor that is suitable for coastal
aquaculture. Regarding farming methods, hanging culture using a long-line system is
widely employed to farm organisms such as shellfish (oysters and scallops) and ascidians
on vertical ropes, typically down to around 10 to 15 m water depths (Figure 1b). Three
sampling stations, namely St. Far, St. Mid, and St. Close, were established in relation
to their distances from the nearest aquaculture facilities to monitor a range of physical
and biological variables along the benthic–pelagic gradient (Figure 1c, Table 1). At each
station, we conducted field observations on board RV Kaisei (1) on a monthly basis between
December 2022 and May 2023 (6 months) for sediment (benthic) sampling and (2) on a
bi-weekly basis between December 2022 and December 2023 (13 months) for water column
(pelagic) and underwater camera monitoring. We conducted sediment sampling for only
the first 6 months in this study to monitor the benthic–pelagic coupling processes with
particular reference to the influence of the springtime phytoplankton bloom on the benthic
zone. We then continued to conduct water column and underwater camera observations
to monitor the subsequent benthic–pelagic processes taking place over the rest of the
study period.

Table 1. The geographic location of each sample station along with their mean water depth and
relative distance to the nearest aquaculture facility.

Station
Position Depth Distance

Lat Lon (m) (m)

St.Far 38.4388 141.4606 24.0 165.7
St.Mid 38.4381 141.4602 19.8 79.8

St.Close 38.4376 141.4595 12.6 0.0
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2.2. Sediment Sampling for Benthic Macrofauna and Sediment Properties (6 Months)

We sampled a total of 6 sediment samples at each station using the Ekman grab
(sampling area of 0.02 m2). For benthic macrofauna, we merged 3 of the full-grab samples
and sieved them through a 1.0 mm mesh with filtered seawater on board. All organisms
retained were preserved in 70% ethanol for subsequent sorting, species identification,
enumeration, and biomass measurements. Species were identified to the lowest possible
taxonomic levels, which was mostly the family level, using a stereomicroscope and a
compound microscope where necessary, expressing abundance and biomass (wet weight)
as ind./m2 and g/m2, respectively [19]. We also used separate sediment subsamples
of the top 5 cm to determine both organic matter content and particle size composition,
respectively. Organic matter content was measured as a loss on ignition over 8 h at 450 ◦C
after drying the samples at 55 ◦C until constant weights were reached [21]. Particle size
composition was determined using standard laser diffraction analysis (SALD-2300 Laser
Diffraction Particle Size Analyzer, SHIMADZU, Kyoto, Japan) and categorized into 6 size
classes defined here as “coarse sand” (<2 mm, >0.5 mm), “medium sand” (<0.5 mm,
>0.25 mm), “fine sand” (<0.25 mm, >125 μm), “very fine sand” (<125 μm, >62.5 μm), “silt”
(<62.5 μm, >3.9 μm), and “clay” (<3.9 μm).

2.3. Water Column and Underwater Camera Monitoring (13 Months)

At each sampling station, we recorded vertical profiles of the water temperature (◦C),
salinity, chlorophyll-a concentration (μg/L), dissolved oxygen (mg/L), sigma-t (water
density: σt), and turbidity (FTU), using a CTD RINKO-Profiler (JFE Advantech Co., Ltd.,
Nishinomiya, Japan) at 0.5 m intervals from the surface to the bottom [19]. We also used
an underwater video camera (FDR-X3000 4K Action Cam, SONY, Tokyo, Japan) with an
underwater light to monitor the state of the seafloor by counting the number of epibenthic
fauna or associated biological features encountered at each sampling station. During the
observation, the video-capturing apparatus was lowered to the seafloor from the boat and
kept approximately 60 cm above the bottom for 1 min to obtain continuous video data to
count epibenthic fauna with any notable aquatic features or markings.

2.4. Data Analysis

We examined the biological metrics for the observed benthic macrofaunal communi-
ties obtained from the sediment samples across the seasons and stations (i.e., abundance,
biomass, species richness, Shannon index H′, and evenness index J′). We then conducted a
multivariate community analysis in PRIMER v6 [22] to examine the spatial and temporal
trends in the benthic macrofaunal community structure across the seasons and stations.
Following the fourth-root transformation of macrofaunal counts to down-weight the influ-
ence of highly abundant species, we performed cluster analysis (group-average linkage)
on a resemblance matrix of the transformed data based on the Bray–Curtis similarity in-
dex. Non-metric multidimensional scaling (nMDS) was used to illustrate the degree of
similarity among the benthic community structures across the sampling stations and sea-
sons. ANOSIM was performed to test for significant differences among/between the three
sampling stations, namely St. Far, St. Mid, and St. Close. SIMPER (similarity percentage)
analysis was then performed to identify the species most responsible for the similarity
within the stations determined by cluster analysis. All the graphics were constructed using
the “ggplot2” package [23] in R version 3.6.1 [24].

3. Results

3.1. Benthic Macrofaunal Community Structure

We collected 18 benthos samples (3 stations × 6 months) and identified a total of
729 individuals comprising 629 from class Polychaeta (86.3%), 34 from class Gastropoda
(4.7%), 20 from class Malacostraca (2.7%), 15 from class Ophiuroidea (2.1%), 11 from class
Bivalvia (1.5%), and 22 others (2.7%) (Tables 2 and S1). St. Far consistently showed the
highest total abundance over the 6-month period, which was followed by St. Mid, with
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polychaetes being the most abundant at both stations (Table 2, Figure 2a). St. Close
showed the lowest levels of abundance, yet not only polychaetes but also other taxonomic
groups such as gastropods and malacostracans were markedly abundant at the station.
With respect to polychaetes, St. Far was dominated by species belonging to the family
Lumbrineridae, which was followed by other families such as Cirratulidae, Ampharetidae,
Capitellidae, and Magelonidae (Figure 3). The abundances of similar polychaeta families
also characterized St. Mid except for the family Ampharetidae, exhibiting markedly lower
abundance when compared to St. Far (Figure 3). Although St. Close showed higher
abundances of both lumbrinerid and cirratulid polychaetes, the site was more characterized
by the higher abundance of maldanidae, unlike the other two stations (Figure 3).

Figure 2. Temporal changes in (a) total abundance and (b) total biomass of the benthic macrofauna
per taxonomic group (class) across sampling stations over the study period.
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Figure 3. Mean abundance of polychaeta species collected per family across sampling stations.

Table 2. Summary data for the abundance of the benthic macrofauna in this study. N indicates the
total number of benthic fauna per taxonomic group (ind.) collected over the entire study period.

Taxonomic
Group

St.Far St.Mid St.Close Total

N (ind.) (%) N (ind.) (%) N (ind.) (%) N (ind.) (%)

Polychaeta 283 95.3 195 87.8 151 71.9 629 86.3
Gastropoda 2 0.7 4 1.8 28 13.3 34 4.7

Malacostraca 4 1.3 5 2.3 11 5.2 20 2.7
Ophiuroidea - - 6 2.7 9 4.3 15 2.1

Bivalvia 7 2.4 2 0.9 2 1.0 11 1.5
Nemertea 1 0.3 4 1.8 1 0.5 6 0.8
Asteroidea - - 1 0.5 4 1.9 5 0.7

Holothuroidea - - 3 1.4 - - 3 0.4
Actinopterygii - - 1 0.5 1 0.5 2 0.3
Pycnogonida - - - - 2 1.0 2 0.3
Polycladida - - 1 0.5 - - 1 0.1
Sipuncula - - - - 1 0.5 1 0.1

Total 297 100 222 100 210 100 729 100

In terms of biomass, class Asteroidea showed the highest value (70.3%), which was
followed by Gastropoda (16.4%), Polychaeta (8.0%), Malacostraca (3.7%), Ophiuroidea
(0.6%), and others (2.7%) (Table 3). Although St. Far maintained the highest macrofaunal
abundance, the total biomass was the lowest among the three stations (Tables 2 and 3
and Figure 2b). St. Mid displayed intermediate amounts of biomass when compared to
the other two stations (Table 3, Figure 2b). St. Close exhibited the highest levels of total
biomass, which was characterized by the presence of various larger epibenthic megafauna
such as asteroids, gastropods, and malacostracans (Table 3, Figure 2b).

The cluster analysis and the nMDS plot illustrate the clear separation of the benthic
community structures systematically shifting from St. Close through St. Mid to St. Far
(Figure 4a,b). The results of ANOSIM showed that the benthic community structures were
significantly different among the three stations (ANOSIM: global R = 0.510, p < 0.001)
(Table 4). Pairwise comparisons indicated that the community structure at St. Far was
significantly different from those at both St. Mid (R = 0.380, p < 0.01) and St. Close (R = 0.872,
p < 0.01), respectively, and the community structure at St. Mid was also significantly
different from that at St. Close (R = 0.372, p < 0.05) (Table 4). SIMPER analysis revealed
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that the benthic community structures at St. Far, St. Mid, and St. Close showed an average
similarity of 73.2, 59.3, and 58.7%, respectively (Table 5). The families of class Polycaeta such
as Lumbrineridae, Cirratulidae, Ampharetidae, Capitellidae, Magelonidae, and Spionidae
contributed predominantly to the average similarity at St. Far, whereas Magelonidae,
Cirratulidae, Capitellidae, and Lumbrineridae were responsible for the similarity observed
at St. Mid (Table 5). In addition to class Polychaeta, other taxonomic groups such as
Ophiuroidea, Muricidae (Gastropoda), and Asterinidae (Asteroidea) contributed to the
average similarity at St. Close (Table 5). St. Far tended to show the lowest overall values for
taxonomic diversity indices, with the April sampling being the lowest for species richness
and the Shannon index H′, while the December sampling was the lowest for the evenness
index J′ (Figure 5a–c). While St. Mid displayed species richness values similar to those
at St. Far, the values for the Shannon index H′ were markedly higher than those at St.
Far, showing the highest levels of the evenness index J′ (Figure 5a–c). St. Close typically
maintained the highest recorded values for both species richness and the Shannon index
H′, showing the highest values for both metrics in April (Figure 5a–c).

Table 3. Summary data for the biomass of the benthic macrofauna in this study. B indicates the total
wet weight of benthic macrofauna per taxonomic group (g) collected over the entire study period.

Taxonomic
Group

St.Far St.Mid St.Close Total

B (g) (%) B (g) (%) B (g) (%) B (g) (%)

Asteroidea - - 28.25 72.6 147.05 72.3 175.3 70.3
Gastropoda 2.29 31.9 4.30 11.1 34.37 16.9 41.0 16.4
Polychaeta 4.34 60.6 3.90 10.0 11.72 5.8 20.0 8.0

Malacostraca 0.09 1.3 0.63 1.6 8.52 4.2 9.24 3.7
Ophiuroidea - - 0.37 1.0 1.21 0.6 1.58 0.6

Actinopterygii - - 0.80 2.0 0.22 0.1 1.02 0.4
Bivalvia 0.44 6.2 0.14 0.4 0.23 0.1 0.81 0.3

Nemertea 0.004 0.1 0.30 0.8 0.04 0.02 0.34 0.1
Holothuroidea - - 0.23 0.6 - - 0.23 0.1
Pycnogonida - - - - 0.03 0.01 0.03 0.01

Sipuncula - - - - 0.02 0.01 0.02 0.01
Polycladida - - 0.013 0.03 - - 0.01 0.01

Total 7.2 100 38.9 100 203.4 100 249.5 100

Figure 4. Results of the multivariate analysis of benthic macrofaunal community across sampling
stations and months, showing (a) dendrogram and (b) non-metric multidimensional scaling (nMDS)
ordination plot, based on fourth-root transformation and Bray–Curtis similarity and group aver-
age clustering.

212



J. Mar. Sci. Eng. 2024, 12, 1293

Figure 5. Temporal changes in (a) species richness, (b) Shannon index H′, and (c) evenness index J′,
of the benthic macrofaunal community across sampling stations over the study period.

Table 4. ANOSIM results comparing variation in the structures of benthic macrofaunal communities
between sampling stations.

Global Test Pairwise Test R p

Global 0.510 <0.001

St.Far × St.Mid 0.380 <0.01
St.Far × St.Close 0.872 <0.01
St.Mid × St.Close 0.372 <0.05

Table 5. Results of SIMPER analysis showing percentage contributions of major taxonomic groups that
accounted for most of the similarity (>70%) within each station (Code: Av. Sim. = average similarity;
Av. Abund. = average abundance; Contrib. = contribution; Cum. = cumulative contribution).

Station Av. Sim. % Taxonomic Group Class Av. Abund. Contrib.% Cum.%

St.Far 73.22 Lumbrineridae Polychaeta 2.06 18.94 18.94
Cirratulidae Polychaeta 1.54 13.31 32.25

Ampharetidae Polychaeta 1.51 12.69 44.94
Capitellidae Polychaeta 1.41 12.51 57.46
Magelonidae Polychaeta 1.40 11.96 69.42

Spionidae Polychaeta 1.15 10.49 79.91

St.Mid 59.32 Magelonidae Polychaeta 1.62 16.93 16.93
Cirratulidae Polychaeta 1.49 16.48 33.41
Capitellidae Polychaeta 1.48 15.84 49.25

Lumbrineridae Polychaeta 1.26 10.16 59.41
Maldanidae Polychaeta 0.99 8.39 67.8

Other polychaeta Polychaeta 1.03 7.97 75.77

St.Close 58.69 Cirratulidae Polychaeta 1.57 16.3 16.3
Lumbrineridae Polychaeta 1.59 15.12 31.42

Other polychaeta Polychaeta 1.28 12.89 44.31
Maldanidae Polychaeta 1.31 12.85 57.16
Ophiuroidea Ophiuroidea 0.94 7.28 64.44

Muricidae Gastropoda 0.73 4.78 69.22
Asterinidae Asteroidea 0.67 4.73 73.96

3.2. Sediment Organic Matter Content and Particle Size Composition

The spatial patterns of sediment organic matter content decreased systematically from
St. Far through St. Mid to St. Close as the distance to the nearest aquaculture facility
decreased (Figure 6a, Table S2). The highest percentages of sediment organic matter were
observed in May for the respective sites, although the increase was more pronounced at St.

213



J. Mar. Sci. Eng. 2024, 12, 1293

Far and St. Mid (Figure 6a). In addition, the lowest percentage of sediment organic matter
content was observed at the St. Close site in December (Figure 6a).

Figure 6. Temporal changes in (a) sediment organic matter content (%) and (b) particle size composi-
tion (%) of the seafloor sediment across sampling stations over the study period.

All three stations had silt as the dominant particle size class (Figure 6b, Table S3).
However, sediment fractions of sand (i.e., coarse, medium, fine, and very fine sand) and
mud (i.e., silt and clay) varied distinctively between the three stations, with St. Far and
St. Close occupying opposite ends of the size composition spectrum (Figure 6b). The
sediment particle size at St. Far consistently contained highly elevated proportions of
silt, which was followed by clay, with a small fraction of grain sizes larger than fine sand
present throughout the study period (Figure 6b). The sediment fractions of both silt and
clay decreased, whereas that of larger sand increased systematically from St. Far through
St. Mid to St. Close, exhibiting a clear gradient from muddy to sandy substrate as the
proximity to the aquaculture facility became closer (Figure 6b).

3.3. Observation of Epibenthic Megafauna Based on the Video Data

The video data revealed that biogenic features such as tubes of polychaete worms,
which belong to the family Maldanidae, and other faunal burrows dominated the bottom
habitat at St. Far (Figure 7). St. Mid was characterized by more diverse epibenthic inverte-
brates such as asteroids, crinoids, and holothurians; however, faunal burrows and maldanid
worm tubes still remained the conspicuous features recurring throughout the study period
(Figure 7). St. Close differed drastically from both St. Far and St. Mid in that the seafloor at
St. Close was characterized by a wider range of epibenthic megafauna including asteroids,
crinoids, holothurians, echinoids, gastropods, and brachyuran decapods (Figure 7). The
underwater camera also observed a variety of fish species in the class Actinopterygii, in-
cluding gobies Amblychaeturichthys sciistius, Pterogobius zacalles, greenlings Hexagrammos
otakii, and pufferfish Takifugu snyderi, most consistently present at St. Close but with the
largest abundances occasionally observed at St. Mid (Figure 7). The abundances of the
observed epibenthic megafauna and features tended to be the highest in cold months,
particularly between February and April around the beginning of the study period across
all the three stations. However, these temporal trends shifted to a rather steady decline in
the warm months (e.g., between August and November 2023) observed across the three
stations, with St. Far showing the most pronounced declining trend.
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Figure 7. Temporal changes in the relative abundance of epibenthic fauna/features observed by
underwater camera across sampling stations over the study period.

3.4. Observation of the Water Column Based on the CTD-Probe

Patterns of changes in temperature, salinity, and water density (Sigma-t) were almost
identical between the three sampling stations, demonstrating clear seasonal patterns within
the respective water depth layers (Figure 8a,c,e). For example, temporal changes in water
temperature showed the lowest value around March and the highest value around Septem-
ber across all stations (Figure 8a). In terms of vertical trends, temperature values were
almost the same among the depth layers during cold months between December and March;
however, they gradually diverged, forming the largest stratification in the hottest month in
September with higher temperatures always observed at shallower depth layers (Figure 8a).
Spatiotemporal changes in density values showed precisely opposite patterns to those in
temperature (Figure 8a,e), whereas salinity values exhibited a decreasing trend as the depth
layers became shallower, with all three stations forming distinctive stratifications between
the depth layers during warm months in the summer (Figure 8c).

In contrast, patterns of changes in the chlorophyll-a concentration, dissolved oxy-
gen, and turbidity differed to a varying degree between the three stations (Figure 8b,d,f).
Temporal changes in the chlorophyll-a concentration displayed similar peaks, once in
spring around March at all depth layers and another in summer around August but only
at shallower depths (0–10 m) across the three stations (Figure 8b). However, the values at
0–5 m and, particularly, 5–10 m depth layers declined systematically from St. Far through
St. Mid to St. Close as the proximity to the nearest aquaculture facility became closer
(Figures 1 and 8b). Dissolved oxygen (DO) showed essentially similar patterns between all
three stations, exhibiting the highest and the lowest values observed across all depth layers
around March and September, respectively. The DO values were also stratified around
March and August, with the lowest values consistently observed at the bottom depths
across all three stations (Figure 8d). Further, the values observed at depths deeper than
10 m decreased systematically from St. Far through St. Mid to St. Close as the proximity to
the nearest aquaculture facility became closer (Figure 8d). Therefore, while the St. Far site
exhibited minor anoxic conditions at a depth layer of 15–20 m in September, the St. Mid
site displayed more adverse anoxic conditions at the same depth range, lasting a longer
duration from August to October (Figure 8d). Finally, turbidity exhibited the lowest value
around March and the highest value around August, with the values being very similar at
all the depth layers except for the bottom layers, which showed the most turbid conditions
across the three stations, with St. Close having the highest variation in turbidity (Figure 8f).
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Figure 8. Temporal changes in environmental variables observed in the water column across sampling
stations and depth layers (5 m intervals) for (a) water temperature; (b) chlorophyll-a concentration;
(c) salinity; (d) dissolved oxygen; (e) sigma-t (seawater density); and (f) turbidity.

4. Discussion

This study revealed that the community structure of benthic macrofauna significantly
changed in relation to the distance from the shellfish aquaculture facilities, and these
changes were strongly associated with the variability in sediment properties of the respec-
tive seafloors in Onagawa Bay, Japan. While both benthic macrofaunal biodiversity and
biomass became markedly higher, the sediment property of the seafloor shifted systemati-
cally from muddy to sandy substrate as the proximity to the nearest aquaculture facilities
became closer, indicating that the physical presence of the shellfish aquaculture in the
pelagic zone influences the bottom habitat below and thereby provides unique environmen-
tal gradients to which a variety of benthic fauna respond within a relatively small extent
of space.

Polychaetes were the most abundant benthic macrofauna observed throughout the
study site. The families Lumbrineridae, Magelonidae, and Cirratulidae showed the highest
abundance in this study. Polychaetes are often bioturbators of the seafloor, playing essential
roles in the biogeochemical processes by consuming and remineralizing organic matter sup-
plied from the water column above through benthic–pelagic coupling interactions [25–27].
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Lumbrinerid and magelonid polychaetes primarily inhabit sandy–muddy substrates in
shallow coastal waters, actively participating in surface deposit feeding [28,29], whereas
cirratulids tend to inhabit intertidal and nearshore soft-bottom seafloor with some living
in crevices of hard substrates [30]. In addition, members of the families Capitellidae and
Spionidae showed higher abundances at St. Far and St. Mid. They are often known as
opportunistic species tolerant of stressful conditions and, hence, are used as bioindicators
of an ecosystem’s health [31–33]. The dominance of such opportunistic species at these
stations may be indicative of the possible association of biological recolonization following
a long-term severe hypoxia event in coastal ecosystems [34].

The organic carbon generated by shellfish aquaculture (i.e., biodeposits and detritus)
provides substantial food and nutrient sources for these benthic and demersal biota [35].
However, the overall organic matter percentage was highest at St. Far rather than at St
Close. A possible reason for this was that St. Close contained species that can readily
utilize the organic matter material accumulated on the substrate and, as such, decrease
its percentage within the benthic layer. While the video data showed that the tube con-
structions of polychaete Maldanidae were the most abundant at St. Far, the sediment
grab samples revealed that the abundance of the maldanid polychaetes was the highest
at St. Close. Bioturbation by maldanid polychaetes through their tube construction and
feeding activities may influence sediment characteristics and thereby modify the benthic
community structure of the seafloor [32,36]. Further, a certain maldanid species is capable
of creating a porous substrate with high water content [37,38], which may have contributed
to the formation of sandier sediment and the environmental improvement of the bottom
habitat at St. Close.

The seafloor at St. Far was predominantly a muddier substrate and displayed the
largest abundance of polychaetes yet lacked the species richness and diversity of other
taxonomic groups. In contrast, the lowest abundance of polychaetes with a marked increase
in the abundance of other epibenthic megafauna (e.g., starfish, gastropods, malacostracans,
and ophiuroids), together with the occurrence of demersal fish, appeared to be responsible
for the significant change in the benthic community structure observed at St. Close. In
shallow aquatic ecosystems, seafloor conditions such as sediment granulometry critically
influence the benthic community [39–42], and the physical presence of aquaculture facilities
at St. Close may affect the seafloor environments through various pathways. For example,
both aquaculture facilities (e.g., ropes, buoys, and anchors) and cultivated species (e.g.,
oysters and scallops) themselves provide unique three-dimensional hard substrates in the
water column, which in turn attract a wide range of fouling and reef-associated fauna
and flora including macroalgae, hydrozoans, crinoids, bivalves, barnacles, crustaceans,
polychaetes, zooplankton, and fish [13]. These associated organisms can be dislodged and
fall to the seafloor to form a structurally complex biogenic/shell mound immediately under-
neath the facilities [13]. Such shell mounds also offer unique sea-bottom habitats for many
species, including reef-associated fish and epibenthic megafauna [13,43,44]. In addition,
cultivated shellfish produce a substantial number of biodeposits such as undigested waste
and feces, which increase the flux of organic matter and nutrients to the seafloor, altering
local sediment characteristics and the benthic community composition [2,7,8,12,13,45,46],
which may have facilitated the increase in the diversity of benthic infauna and epifauna at
St. Close.

The formation of stratification in the water column accompanied by the severe hypoxic
condition near the bottom occurred during the August–October sampling events that coin-
cided with the substantial drop in the abundance of epibenthic megafauna observed in the
video data across all sampling stations. The physical presence of shellfish facilities is known
to impact local phytoplankton community structures [47]. For example, there was a signifi-
cant decline in chlorophyll-a concentrations at 5–10 m depths at St. Close when compared
to the other two stations. This was a clear indication of the enhanced consumption rate of
phytoplankton caused by the shellfish aquaculture at the study site. Moreover, an unusually
massive phytoplankton bloom occurred in summer, which coincided with the months of
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record-high temperatures and the development of severe hypoxic conditions in the benthic
zone experienced throughout the study site, indicating that the combination of warmer
waters and phytoplankton blooms may result in severe ecosystem-related consequences.
Stratification of the water column by warm waters indicates that the water column does not
mix well vertically, leading to stagnation and less opportunity for oxygen to be circulated
to the lower depths. In addition, a higher amount of organic matter generated from the
phytoplankton blooms can reach the bottom to fuel benthic fauna, facilitating the further
depletion of oxygen and leading to the accelerated formation of anoxic zones [48–50]. In
the case of our study, there was a strong coincidence between rapidly declining dissolved
oxygen and the second phytoplankton bloom observed in August–September. At all three
stations, dissolved oxygen levels drastically declined and the depth layers close to the
bottom at St. Far and St. Mid reached severe anoxic conditions at the same time as the
phytoplankton bloom in August–September. One interesting trend observed was the com-
plete disappearance of any members of echinoids (e.g., sea urchins) beginning in June and
lasting until the end of the study period. Echinoids are often important bioturbators that
disturb the sediment to feed on organic matter and thereby affect sediment properties,
providing complex biogeochemical interactions between the benthic and pelagic zones [51].
With the simultaneous disappearance of these bioturbators across all three stations, the
development of the anoxic zone could well have been facilitated faster. The turbidity levels
observed in this study also corroborate this linkage as at all three stations, extremely high
levels of turbidity occurred during the second phytoplankton bloom, indicating a high
amount of particulate matter in suspension (e.g., phytoplankton masses, algal growth, and
substrate movement), which can further block sunlight for photosynthesis and other oxy-
gen production-related processes. In a benthic–pelagic system where light cannot penetrate
deep enough into the water column (e.g., high turbidity at depth), respiration can exceed
the primary production at deeper depths, with low-light conditions leading to hypoxic or
anoxic bottom water [52].

Overall, the physical presence of the shellfish aquaculture facilities may well effec-
tively mediate pelagic–benthic energy fluxes. Currently, the benthic zones located close
to or underneath the shellfish aquaculture facilities in Onagawa Bay appear to receive an
enhanced amount of organic matter and detritus in the form of biodeposits generated from
the farmed shellfish species, leading to an enhanced carrying capacity for accommodating
larger populations of benthic infauna and megafauna along with demersal fish. However,
our study demonstrated that such benthic–pelagic linkages may also pose a new challenge
under the influence of recent global warming because it may cause shifts in the timing and
magnitude of phytoplankton blooms, thereby causing widespread hypoxic conditions due
to increased stratification of the water column accompanied by excess organic inputs from
the surface primary production, as well as biodeposits generated from the filter-feeder
aquaculture. Under such circumstances, one may well consider that aquaculture opera-
tion needs to be deeper at colder depths to avoid the negative impact of global warming.
However, in this study, the dissolved oxygen levels observed at deeper layers decreased
systematically as the proximity to the nearest aquaculture facility became closer. The
possible expansion of aquaculture operation from shallow to deeper sites may therefore
exacerbate the current problems caused by the warmer waters and hypoxic conditions.
Although the present study only examined three stations situated in a local coastal area
of Japan, the results clearly indicated complex interactions between the physical presence
of the aquaculture facilities and the benthic–pelagic coupling processes. Given the large
extent of marine aquaculture installed along coastal waters globally, there is a need to
conduct more systematic and long-term monitoring at a number of locations covering
wider geographical regions to identify the true ecological consequences of the expected
increase in aquaculture operations in shallow aquatic ecosystems under the ever-increasing
influence of global warming.
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