
A P P L I E D R E S E A R CH

Toward the use of innovative environmentally
sustainable feed in organic aquaculture: Impact on
growth performance, health, and welfare of
gilthead seabream (Sparus aurata)

Lola Toomey1 | Sébastien Alfonso1,2 | Elena Mente3 |

Isabella Bitetto1 | Eleonora Fiocchi4 | Amedeo Manfrin4 |

Phelly Vasilaki5 | Walter Zupa1 | Marie-Laure Bégout6 |

Maria Teresa Spedicato1 | Giuseppe Lembo1 | Pierluigi Carbonara1

1Fondazione COISPA ETS, Bari, Italy

2ECOSEAS, Université Côte d'Azur, CNRS, Nice, France

3School of Veterinary Medicine, Laboratory of Aquaculture and Aquatic Animal Diseases, Aristotle University of Thessaloniki,

Thessaloniki, Greece

4Reference Laboratory for Fish, Mollusc and Crustacean Disease, Istituto Zooprofilattico Sperimentale delle Venezie (IZSVe),

Legnaro, Italy

5IRIDA S.A, Nea Artaki, Greece

6MARBEC, Univ Montpellier, CNRS, Ifremer, IRD, Palavas-Les-Flots, France

Correspondence

Lola Toomey, Fondazione COISPA ETS, via

dei Trulli 18-20, 70126 Bari, Italy.

Email: toomey@fondazionecoispa.org

Funding information

H2020 FutureEUAqua, Grant/Award Number:

817737

Abstract

Organic aquaculture aims to provide sustainable aquatic

products, and utilizing innovative aquafeeds with less fish

meal is crucial. This study evaluated the impact of a cost-

effective and environmentally friendly diet (51% replace-

ment with plant/animal protein sources like fermented soy,

pea, krill, squid, and yeast meals) on gilthead seabream

(Sparus aurata) growth, health, and welfare using a multi-

parametric approach (growth, swimming activity, blood

health, and welfare indicators). The innovative diet showed

no adverse effects on growth performance and survival.
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Hematological and biochemical blood indicators demon-

strated minimal alterations, with only lactate levels increas-

ing, suggesting no compromise in overall welfare. Immune

features indicated a potentially stronger innate immune

response in fish fed the innovative diet, as shown by higher

levels of total proteins, alpha 1, and beta 1. Finally, a slight

difference was observed in swimming activity between

diets, but primarily occurred at the end of the day. A com-

prehensive multiparametric analysis and multi-criteria deci-

sion analysis indicated better global welfare and health

status with the innovative diet compared to the control.

While the innovative diet showed promising results for gil-

thead seabream organic aquaculture, further long-term

investigations are necessary to explore the underlying cau-

ses of the observed immune parameter changes.

K E YWORD S

acoustic telemetry, fish meal, innovative diet, organic aquaculture,
welfare

1 | INTRODUCTION

Organic aquaculture is gaining global prominence as a response to the escalating demand for sustainable aquatic

products (Gould et al., 2019). Organic aquaculture practices rely on the establishment of ecologically integrated sys-

tems that prioritize animal welfare, environmental preservation, biodiversity conservation, and the generation of

high-quality and healthy products (Gould et al., 2019). Despite the impressive overall production figures in world

aquaculture, organic aquaculture remains confined to a niche market. For example, the total organic aquaculture pro-

duction in the European Union reached an estimated 74,032 tons in 2020, constituting only 6.4% of the total

European aquaculture production (EUMOFA, 2022). The hindrance in the development of organic aquaculture pro-

duction is primarily attributed to a myriad of challenges encountered by the organic sector from its inception. These

challenges encompass technical production difficulties, diminished profitability, compliance issues with regulations,

limited market demand, and competition with other certification schemes (EUMOFA, 2022; Gambelli et al., 2019;

Mente et al., 2011; Sicuro, 2019).

A critical facet of organic aquaculture revolves around fish nutrition, addressing both societal and environmental

concerns (Mente et al., 2011; Sicuro, 2019). While significant research has been conducted in conventional aquacul-

ture to develop sustainable fish feeds (e.g., Aragão et al., 2022; Naylor et al., 2021), there remains a need for research

specific to organic aquaculture (but see e.g., Lund et al., 2011; Carbonara, Alfonso, et al., 2020; Estévez &

Vasilaki, 2023; Tefal et al., 2023; Toomey et al., 2024). Formulating new organic feeds aims at minimizing the reliance

on fish meal and fish oil, aligning with the fundamental principle of sustainability, mitigating the pressure on declining

wild stocks, and limiting issues related to availability and price fluctuations (Gasco et al., 2018; Mente et al., 2019;

Oliva-Teles et al., 2015). The specific regulations governing organic practices, including limitations on the use of

plant-origin ingredients (not exceeding 60% of total ingredients), restrictions on certain raw materials, and the prohi-

bition of synthetic free amino acid supplementation, add complexity to meeting the nutritional requirements of
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essential nutrients throughout the entire organic production cycle. This challenge is particularly pronounced for car-

nivorous fish species (Busacca & Lembo, 2019; Mente et al., 2011, 2019). In addition to meeting the nutritional

needs of the fish, the competitiveness of new fish meal substitutes in terms of price must also be considered. Alter-

native raw ingredients need to be available year-round, and the final cost of the feed must be sustainable for farmers.

Overall, formulating novel organic feeds poses difficulties and costs (Mente et al., 2019), emphasizing the urgent

need for the development of innovative and cost-effective organic feeds.

Various alternative protein sources have gained prominence in the formulation of new organic aquafeeds. Cur-

rently, soybean meal is widely advocated as a plant-based protein source, owing to its high-protein content, suitable

amino acid profile, availability, and cost-effectiveness. However, its inclusion rate is constrained due to the presence

of anti-nutritional factors (Gatlin et al., 2007; Mitra, 2021; Zhou et al., 2005), a limitation shared by many plant sub-

stitutes (Hossain et al., 2024) that can be partly overcome thanks to recent biotechnological developments (Ghosh &

Ray, 2017) and the supplementation of exogenous digestive enzymes (Anwar et al., 2020; Magalhães et al., 2018).

Recently, pea protein has also been promoted as a promising substitute (González-Rodríguez et al., 2016). Studies

have demonstrated, for instance, that replacing up to 25% of fish meal with organic green pea protein does not

adversely affect the growth, health, and final product quality of gilthead seabream (Sparus aurata; Estévez &

Vasilaki, 2023). Microbial ingredients, derived from sources, such as yeasts, also appear promising (Agboola

et al., 2021; Hua et al., 2019), particularly due to their potential contribution to the circular economy through pro-

duction from various waste sources (Mente et al., 2019). Additionally, meals from other marine animals, such as krill

or squid meals, are widely considered for their interesting characteristics, although they may present availability chal-

lenges (Choi et al., 2020; Kader & Koshio, 2012; Mitra, 2021; Torrecillas et al., 2021). To address limitations in inclu-

sion rate, intensifying competition with other sectors, and fluctuations in the availability and prices of individual

protein ingredients, there has been a gradual shift toward aquafeeds with ingredient blends from both plant and ani-

mal sources. These blends aim to effectively replace, at least partially, dietary fish meal (Kader & Koshio, 2012;

Kissinger et al., 2016).

The development of new organic aquafeeds must ensure the fulfillment of the developmental, physiological, and

behavioral needs of animals, aiming at sustainable production performance. Moreover, achieving a high level of

immunity to cope with potential pathogens and diseases, along with ensuring the health and welfare of farmed spe-

cies, is crucial, particularly in the context of organic aquaculture where the use of antibiotics is limited (Aragão

et al., 2022; Glencross et al., 2020). Various indicators are currently employed at different biological levels,

encompassing morphological indicators, behavioral metrics, and physiological and molecular indices (Carbonara,

Zupa, et al., 2020; Dara et al., 2023; Huntingford & Kadri, 2014). Growth-related traits, being of economic signifi-

cance, are particularly scrutinized among morphological indicators. Welfare assessments often involve a combination

of behavioral indicators (e.g., swimming speed, group cohesion) and physiological variables (e.g., blood and immuno-

logical indicators), with advancements in technology allowing for more in-depth evaluations. In the realm of precision

fish farming, the development of tags utilizing telemetry technology now enables the monitoring of fish energy

expenditure. For example, accelerometer sensors have been employed to assess the impact of acute stressors or rea-

ring conditions, including the use of new aquafeeds, on fish welfare (e.g., Alfonso et al., 2023; Brijs et al., 2018;

Carbonara et al., 2022; Carbonara, Alfonso, et al., 2019; Gesto et al., 2020; Toomey et al., 2024). However, the

potential negative impacts of these tags are still debated (see for instance, Alfonso, Zupa, Manfrin, Fiocchi, Dioguardi,

et al., 2020a and Georgopoulou et al., 2022 for the same species) and should be thoroughly assessed when

employing this emerging technology.

In this study, we conducted an investigation into the effects of an innovative and environmentally friendly diet,

with a lower fish meal content (51% replacement by a blend of plant and animal protein sources, including notably

fermented soy, pea, krill, squid, and yeast meals), on the growth, health, and welfare of S. aurata. Sparus aurata is a

key species in Mediterranean aquaculture, and extensive research has been conducted on the use of alternative raw

materials (Hodar et al., 2020). Although its organic production is relatively small, the production is growing rapidly.

For example, European organic production of S. aurata and Dicentrarchus labrax increased by 38% between 2015
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and 2020 (EUMOFA, 2022), and recent consumer studies indicate good market potential. The search for nutritionally

adequate, economically viable, and environmentally sustainable diets is crucial and therefore ongoing (e.g., Estévez &

Vasilaki, 2023; Tefal et al., 2023). In this study, fish meal substitutes were selected based on their cost-effectiveness

and availability at the time of the study. The research involved monitoring the growth performance of fish fed two

organic diets, either a commercial diet (i.e., control) or the innovative diet over a four-month period. Various physio-

logical and molecular parameters, encompassing stress, immunity, health, and welfare indicators, were also moni-

tored. Additionally, a subset of fish was implanted with physiological sensors, specifically accelerometer tags,

enabling continuous monitoring of acceleration as a proxy for energy expenditure (Alfonso et al., 2021) throughout

the experiment. The impact of employing this technological tool was assessed using mortality and growth indicators.

Overall, this study offers a comprehensive evaluation of the seabream physiological state under an innovative diet

regime, addressing the environmental sustainability challenges of the European organic aquaculture sector.

2 | MATERIALS AND METHODS

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Labo-

ratory Animals of the National Institutes of Health and ARRIVE guidelines. All the experiments were performed in

accordance with EU recommendation (Directive 2010/63/EU), with the authorization of the Health Ministry number

code n� 488/2021-PR.

2.1 | Fish, feeding, and experimental protocol

Gilthead seabream individuals (about 1.5 years old) were purchased from the commercial farm REHOMARE

(Gallipoli, Italy) and transported to Fondazione COISPA ETS facilities (Bari, Italy). Fish were maintained undisturbed

for 2 weeks in a flow-through system with sea water replacement of 25 L/min. Sea water pH (7.30 ± 0.05), tempera-

ture (18 ± 1�C), oxygen saturation (�80%), and salinity (35 PSU) were checked weekly. Fish were kept at a stocking

density of approximately 20 kg/m3. Photoperiod was 12 L:12D (light: dark; from 6 am to 6 pm). The fish were fed

with a commercial feed (Skretting Marine 3 P, Italy) amounting to about 1% of their body mass, six to seven times

per week, using automatic feeders between 8 am and 12 pm. After this two-week acclimatization period, all fish

were individually pit-tagged with ID100 radio frequency identification (RFID) tags (DORSET ID, Trovan,

Netherlands) under anesthesia (hydroalcoholic clove oil solution at 30 ppm; Erbofarmosan, Bari, Italy). Fish were then

randomly distributed into four fiberglass tanks of 1.2 m3 (about 70 fish per tank; 12 kg/m3) with the same water

quality parameters and photoperiod specified earlier.

Two weeks after PIT-tagging (Figure 1), fish were fed with two organic diets: either a commercial diet, serving as

a control (two tanks), or with an innovative diet (two tanks). Both commercial (control) and innovative feeds were

F IGURE 1 Experimental protocol for the feed trial in seabream (Sparus aurata).
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produced by the Greek fish feed company IRIDA SA. The innovative diet used in this study was formulated to con-

tain fishmeal replacers such as fermented soy, yeast (derived from Saccharomyces cerevisiae), squid, and krill meals

(51% fish meal replacement) and used a Synergen™ (Alltech, USA) supplementation. The innovative feed was nutri-

tionally balanced with other ingredients commonly used in aquafeeds, as well as with macro and micronutrients. The

formulation and feeds' composition are shown in Table 1 and Table 2, respectively. The essential and nonessential

amino acid ratios and fatty acid composition of the two diets are presented in Tables 3 and 4, respectively. The inno-

vative feed utilized in this study adhered to all regulations governing organic feed formulation.

Fish were fed six to 7 days per week, amounting to about 1% of their body mass during the whole experiment

using automatic feeders between 8 a.m. and 12 p.m. The feeding started on day 0 (11th of July 2022) and lasted

135 days until the 23rd of November 2022 (Figure 1). Growth and physiological factors were evaluated across the

experiment at three sampling points: T0 (5 days before the start of the experiment to serve as a control), T1 (72nd-

73rd experimental days), and T2 (134th–135th experimental days) (Figure 1).

2.2 | Growth measurements, blood, and organs sampling

At each sampling time (i.e., T0, T1, and T2), all fish were gently caught from the rearing tanks and anesthetized with

hydroalcoholic clove oil solution (15 ppm) to measure total weight (g). Mortalities were recorded daily in each tank,

as well as the quantity of feed provided per tank. Specific growth rate (SGR), feed conversion ratio (FCR), and protein

efficiency ratio (PER) were calculated between T0 and T2. The SGR was calculated individually using the following

equation: SGR = 100 � (ln(W0) – ln(W2))/T, where W is the total weight of the fish (g) at t0 (W0) and at the end of

the experiment (W2), and T is the number of feeding days. The FCR was calculated using the following equation:

FCR = Feed intake (kg)/biomass gain (kg). Finally, the PER was calculated in the following way: PER = fish weight

gain/estimated total amount of protein ingested.

At T0, 12 fish were randomly sampled, while at T1 and T2, eight fish were randomly sampled per tank

(i.e., n = 16 per diet) for blood sampling. Fish were gently caught from the rearing tanks and bathed in an anesthetic

solution (clove oil, 30 ppm) for 2–3 min before proceeding to blood sampling. Blood was retrieved from the caudal

TABLE 1 Feedstuff (%) used in the two organic diets: Control (i.e., commercial) and innovative diet.

Feedstuff Control diet Innovative diet

Fish meal 51 25

Soybean meal 23.5 –

Fermented soy – 13

Wheat 15 12.45

Fish oil 10 10.8

Pea protein – 10

Krill meal – 6

Squid meal – 6

Yeast – 5

Corn gluten meal – 5

Wheat gluten meal – 5

Monocalcium-phosphate – 1.2

Synergen – 0.05

Premix 0.5 0.5

TOOMEY ET AL. 5 of 26
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vein using a heparinized syringe. At T2, the fish used for blood sampling were then euthanized using an overdose of

anesthetics (clove oil, 60 ppm), and 100 mg of spleen, kidney, gill, liver, and brain were collected for subsequent

quantitative real-time PCR analyses. Each sample was stored in a tube containing 1 mL of RNAlater (QIAGEN),

maintained for 48 h at 4�C, and then stored at �80�C until further processing.

2.3 | Analysis of hematological and biochemical indicators

Hematocrit was determined using a heparinized micro-hematocrit tube filled with blood directly from the syringe

needle, which was then centrifuged at 15,000 � g for 3 min and immediately read. Hematocrit was expressed as the

percentage of red blood cells relative to the entire blood volume. The red blood cell count (RBCC) was carried out in

a Bürker counting chamber under a light microscope (Nikon 400E, Japan). Hemoglobin was measured using a com-

mercial kit (H7379; Sigma, USA). The remaining blood was transferred to a tube with K3EDTA (VACUMED, Torreglia,

Italy) and was centrifuged at 15,000 � g for 3 min to obtain plasma samples, which were stored at �20�C until fur-

ther analyses. Plasma cortisol was measured using a commercial competitive electrochemiluminescent immunoassay

kit (Elecsys Cortisol II Gen, Roche Diagnostics) in an automatic analyzer Cobas E601 (Roche Diagnostics GmbH,

Mannheim, Germany) following the manufacturer's instructions. Plasma glucose, lactate, and total protein concentra-

tions were measured in the Biochemical analyzer Cobas C501 (Roche Diagnostics) using commercial kits (Glucose

HK Gen.3, Lactate Gen.2, and Total Protein Gen.2, respectively; Roche Diagnostics), following manufacturer

TABLE 2 Chemical composition (%) of the two organic feeds (control and innovative) used in the experiment
according to AOAC 1995 protocols.

Proximate composition analysis Control diet Innovative diet

Proteins (%) (n = 5; mean ± se) 46.58 ± 0.12 47.07 ± 0.21

Lipids (%) (n = 5; mean ± se) 14.72 ± 0.08 14.93 ± 0.32

Ash (%) (n = 5; mean ± se) 12.21 ± 0.03 9.74 ± 0.03

Energy (Kj/g) (n = 5; mean ± se) 21.90 ± 0.04 22.29 ± 0.03

Additives (per 1 kg)

Vitamin A (I.U) 5 10

Vitamin D3 (I.U) 1 2

Vitamin E (mg) 250 250

Choline Chloride (mg) 750 1250

Vitamin C (mg) 200 200

Zinc (mg) 60 60

Manganese (mg) 35 35

Copper (mg) 7 7

Iron (mg) 45 70

Iodine (mg) 4 6

Toccopherol rich extract (mg) 300 –

BHT (mg) – 45.4

BHA (mg) – 30.1

Propyl Gallate (mg) – 15

Cictric Acid (mg) – 30

Lecithins Not present Present
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instructions. Total serum IgM levels were analyzed using an enzyme-linked immunosorbent assay kit (BT LAB™,

China) following the manufacturer's instructions.

In order to measure the protein fractions content in plasma (albumin, alpha1, alpha2, beta1, beta2, and gamma),

electrophoresis was carried out using the Minicap Flex Piercing system (Sebia, Bagno A Ripoli, Italy) following the

manufacturer's instructions. The Minicap Flex Piercing is a multitasking automated capillary electrophoresis instru-

ment equipped with two capillaries. Serum proteins were separated within silica capillaries based on their electro-

phoretic mobility and electrosmotic flow under high-voltage conditions and in the alkaline buffer. Proteins were

detected directly during migration by UV absorbance at 200 nm, and they were quantified. The Minicap system

allows all electrophoresis sequences to be performed automatically from the primary tube until the electrophoretic

profile is obtained. The instrument is equipped with a Phoresis (Sebia) software program that allows the processing

of results. Identification of the fractions was performed automatically, and the electrophoretic profiles were analyzed

on the fly.

2.4 | Quantification of HSP70 using qPCR

The absolute quantification of heat shock protein 70 (Hsp70) was conducted with quantitative real-time PCR analysis

according to the method developed by Fiocchi et al. (2020) using a specific plasmid previously developed for sea-

bream Hsp70 (Carbonara, Alfonso, et al., 2019). For each sample, the different organs were pooled together before

being treated with TissueLyser II (QIAGEN, Hilden, Germany) for 1 min at 15 Hz. RNA was extracted from 30 mg of

TABLE 3 Essential and nonessential amino acid ratio (A/E, corresponding to the percentage of each amino to
total amino acids) for the organic control and innovative feeds used in the experiment.

Essential amino acid ratio (A/E, %)

Control diet Innovative diet

Arginine 15.79 12.47

Histidine 2.77 2.92

Isoleucine 8.52 9.83

Leucine 16.41 19.90

Lysine 18.20 13.43

Methionine 4.01 2.68

Phenylalanine 9.99 11.36

Threonine 7.63 9.40

Valine 10.62 11.17

Tyrosine 6.07 6.86

Nonessential amino acid ratio (A/E, %)

Control diet Innovative diet

Alanine 15.16 11.42

Aspartic acid 16.14 20.34

Glycine 16.83 12.59

Serine 10.99 11.64

Glutamic acid 25.66 28.39

Proline 15.21 15.62

TOOMEY ET AL. 7 of 26
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each sample using the RNeasy® Mini Kit (QIAGEN) following the manufacturer's instructions. All RNA extracts were

checked using a NanoDrop Lite Spectrophotometer (ThermoFisher Scientific) for quantification and quality

TABLE 4 Fatty acid composition (% of total fatty acids) for the organic control and the innovative feeds used in
the experiment.

Fatty acid Control diet Innovative diet

14:0 4.11 3.94

14:1 0.05 0.05

15:0 0.31 0.31

16:0 14.61 14.47

16:1 n-9 0.25 0.26

16:1 n-7 4.46 4.32

17:0 0.26 0.27

17:1 n-7 0.22 0.23

18:0 2.98 3.15

18:1 n-9 22.24 23.77

18:1 n-7 3.10 3.24

18:2 n-6 12.91 11.99

18:3 n-3 2.93 3.19

18:4 n-3 1.81 1.71

20:0 0.33 0.34

20:1 n-11 0.60 0.60

20:1 n-9 5.39 5.34

20:2 n-6 0.48 0.53

20:3 n-6 0.22 0.22

20:4 n-6 (arachidonic acid; ARA) 0.65 0.72

20:3 n-3 0.48 0.49

20:4 n-3 0.83 0.80

20:5 n-3 (eicosapentaenoic acid; EPA) 5.50 5.27

22:0 0.28 0.29

22:1 n-9 6.67 6.19

22:1 n-7 0.92 0.97

24:0 0.18 0.18

22:6 n-3 (docosahexaenoic acid; DHA) 6.46 6.38

24:1 n-9 0.76 0.79

Total saturated fatty acids 23.06 22.96

Total monounsaturated fatty acids 44.66 45.74

Total polyunsaturated fatty acids 32.27 31.29

Total n-9 long-chain polyunsaturated fatty acids 35.31 36.36

Total n-6 long-chain polyunsaturated fatty acids 14.26 13.46

Total n-3 long-chain polyunsaturated fatty acids 18.01 17.83

EPA + DHA 11.95 11.64

n-3/n-6 1.26 1.32
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assessment (A260/A280 ratio). Extracts were standardized in RNAase-free water to obtain a final concentration of

10 ng/μL.

To obtain first-strand cDNA, 10 ng of RNA was reverse transcribed into cDNA using Random Examers and

SuperScript™ II Reverse Transcriptase (Invitrogen) following the protocol provided by the manufacturer. The primer

set for HSP70 (Forward primer: 50-ATCAGCGACAACAAGAGAGC -30 and Reverse primer: 50-

GGTGATGGAGGTGTAGAAGTC -30) was designed in the context of a previous study using the sequences deposited

in GenBank (DQ524995.1 EU805481.1). One μL of cDNA and one μL in triplicate of plasmid were used in 25 μL

PCR reactions that also included SYBR Green Master Mix (QIAGEN) and 0.4 μM of forward and reverse primers.

The fragment generated by primers for HSP70 was 176 bp. All reactions having been conducted using the SYBR

Green technology, a dissociation stage was added after the amplification cycle to estimate the specificity of the

products. To evaluate the limit of detection of assays, 10-fold dilutions in triplicate of the plasmid were amplified.

2.5 | Implantation of accelerometer tags and recording of swimming activity

A subsample of fish (n = 5 fish per tank; n = 10 per diet; 312.5 ± 34.9 g and 298.9 ± 30.4 g for control and innova-

tive diets, respectively) was implanted on the 44th–45th experimental days (corresponding to the 24th and 25th of

August 2022; Figure 1) with VEMCO V9A-2x accelerometer tags (AMIRIX Systems Inc., Nova Scotia, Canada). Tags

were implanted into the body cavity through an incision of about 1.5 cm that was carefully sutured as described else-

where (Alfonso et al., 2021; Carbonara et al., 2022; Carbonara, Alfonso, et al., 2019). The whole procedure was per-

formed under anesthesia (clove oil, 30 ppm). After the surgery, an antibiotic injection (sodic-ampicillin–cloxacillin;

1 mg/kg) was carried out and fish were released into their original tank. Feeding and swimming behaviors of the

tagged fish were monitored daily in the days following the surgical implantation to ensure good recovery. All fish

started feeding 2–3 days following the surgery and displayed normal swimming behavior, testifying that all tagged

fish recovered well. Since the tag implantation represents an invasive procedure, blood analyses were not performed

on tagged fish.

Data recording started 12 days after tag implantation, in order to ensure full recovery of tagged fish from the

stress induced by the tagging procedure before data acquisition (Alfonso et al., 2021), and lasted until the end of

the experiment (T2; Figure 1). Tags were programmed to measure acceleration over two axes (X and Z; tailbeat accel-

eration). Acceleration was used as a proxy for energy expenditure (Alfonso et al., 2021). The accelerometer tag

implanted in fish transmitted the tag ID and coded values, corresponding to the swimming activity of tagged fish

with a sampling rate of 12.5 Hertz and low-power frequency (40–80 s of transmitting delay), to an acoustic receiver

Vemco VR2W (AMIRIX Systems Inc.) located on the bottom of each tank. At T2, receivers were retrieved from each

tank and data were downloaded using the software VUE (AMIRIX Systems Inc.). The swimming activity values

obtained from the accelerometer tags ranged from 0 to 255 and were displayed in arbitrary units (AU). The

values obtained could be converted into acceleration using the following equation: acceleration (m/s2) = 0.01955(x),

where x is the acomponental value returned by tags.

2.6 | Statistical analyses

All statistical analyses were carried out using the R software version 4.3.1 (R Core Team, 2023) at a significance level

of 95%. Data are presented as mean ± sd (standard deviation) and fish individual was used as the statistical unit,

except for mortality for which the tank was the statistical unit. Initially, interactions between the different fixed

effects and random effects (tank, fish) were included in all models, where applicable. When an interaction was not

significant or when some random effects presented a null variance, they were excluded from the final models. For all

linear models, graphical checks were conducted to verify the assumptions of normality of residuals, linearity, absence

of outliers, and homoscedasticity. Analyses are summarized below, and details can be found in Annex A1.
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Growth, hematological, and biochemical indices were analyzed using linear models or a linear mixed model

(LMM; lme4 package, Bates et al., 2014), with the sampling time (T1 vs. T2) and the diet groups (control

vs. innovative) as fixed effects also the tagging status (tagged vs. non tagged) for growth indicators while the fish ID

was added as a random effect when required (see details in Annex A1). Linear models were followed by estimated

marginal means post hoc tests with Benjamini–Hochberg correction for multiple comparisons to test for differences

between groups. Because parametric test assumptions were not respected, the FCR was analyzed using the Scheirer

Ray Hare test with the tagging status and the diet as fixed effects. A Wilcoxon test was used to compare mortality

rates between diets. Finally, to compare the swimming activity between the two diet groups (control vs. innovative),

we employed the same statistical approach as Toomey et al. (2024) using a generalized linear mixed model (individual

fish as a random factor and diet and period of the day [day vs. night] as fixed factors) and an analysis of frequency

distribution (see details in Annex A1).

In order to have a global overview of the diet effect on fish health and welfare (22 variables in total), a multivariate

analysis was performed. Only values at T2 were considered to investigate the long-term effect of diets. After scaling

data, a Principal Component Analysis (PCA) was performed using the library FactoMineR (Le et al., 2008). The relevant

components of the PCA were selected using the nFactors package (Raiche & Magis, 2022). Visualization of the PCA

results was conducted using the factoextra library (Kassambara & Mundt, 2020). The principal component scores of the

relevant axes were then extracted and Mann–Whitney-Wilcoxon tests were performed to assess the difference

between the two diets for each component. Variables contributing the most to each PCA component were identified.

Among the 22 variables used for the PCA, nine were selected based on their contribution to the component for which a

statistical differentiation between diets was highlighted: total proteins, beta 1, beta 2, alpha 1, alpha 2, prealbumin, glu-

cose, gamma, and lactate. On the basis of these selected nine parameters, a multicriteria decision analysis (MCDA) was

designed using a nonstructural fuzzy decision support system (Tam et al., 2002; see detailed methodology in Annex A1)

using a freeware Excel sheet (Tong, 2008). The analysis was led under two hypotheses: differential importance of vari-

ables (based on their contribution to the first component of the PCA) or under the hypothesis of equivalence of variables

for ranking diets (“equal importance of criteria” hypothesis) (see methodology details in Annex A1).

3 | RESULTS

3.1 | Growth performance

Overall, the mortality over the experiment was similar between the two diet groups (7.14 ± 2.02% for control

vs. 7.02 ± 1.85% for innovative diet; W = 2.5, p = 1), and no mortality was recorded in tagged fish over the experi-

ment. In addition, fish did grow over time (F = 2248.83, p < 0.001) but neither the tagging (t = 1.92, p = 0.06) nor

the diet treatment (t = �0.02, p = 0.99) affected the fish weight (Table 5). In addition, the SGR and the PER were

not found to be significantly different between the two diet groups (SGR: t = 0.81, p = 0.42; PER: t = 1.02,

p = 0.31; Table 5) nor regarding the tagging status (SGR: t = �1.44, p = 0.15; PER: t = 0.33, p = 0.74, Table 5) over

the experimental period. The FCR was not significantly different between diet groups (H = 1.20, p = 0.27) nor

between tagged and untagged fish (H = 0.02, p = 0.89) (Table 5).

3.2 | Hematological and biochemical indicators

3.2.1 | Stress, health, and welfare parameters

Regarding blood physiological parameters related to stress and welfare, hemoglobin and RBCC were overall not

affected either by diet (hemoglobin: t = �1.88, p = 0.07; RBCC: t = �0.38, p = 0.70) or the sampling time

10 of 26 TOOMEY ET AL.
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(hemoglobin: t = �1.05, p = 0.30; RBCC: =1.68, p = 0.10) (Figure 2). The sampling time did affect the levels of

plasma cortisol (t = �2.43, p = 0.02), plasma glucose (t = �4.42, p < 0.001), and hematocrit (t = 5.37, p < 0.001)

over the trial but without any effect of the diet (Hematocrit: t = �0.55, p = 0.64; Glucose: t = 0.28, p = 0.78; Corti-

sol: t = 1.60, p = 0.11) (Figure 2). In more detail, the level of both cortisol and glucose was higher at T1 compared to

T2, while the levels of hematocrit were lower at T1 than at T2, regardless of the diet group (Figure 2). For lactate

levels in plasma, there was no significant effect of diet (t = 0.72, p = 0.48) or sampling time (t = 1.07, p = 0.29) indi-

vidually, but a significant interaction effect was shown between the two fixed factors (t = 2.47, p < 0.05) (Figure 2).

Post hoc tests indicated that the lactate levels in fish fed the innovative diet were higher at T2 compared to T1,

higher than in control fish at T1 and T2, but there was no time effect in fish fed the control diet (Figure 2). In addi-

tion, there was no significant difference in the expression of Hsp70 in the organs targeted between the two diet

groups at the end of the organic feed trial in seabream (t = �1.20, p = 0.24; Figure A1).

3.2.2 | Immune parameters and protein content

No significant difference across time was found in beta 2 levels (t = 1.94, p = 0.06), while a significant effect of time

was evident on total proteins (t = 9.07, p < 0.001), prealbumin (t = 5.34, p < 0.001), albumin (t = 7.90, p < 0.001),

alpha 1 (t = 3.28, p < 0.01), alpha 2 (t = 4.13, p < 0.001), beta 1 (t = 5.27, p < 0.001), gamma (t = 2.24, p = 0.03),

and immunoglobulin M (t = 77.90, p < 0.001), with globally higher levels at T2 compared to T1 (Figure 3). There was

no diet effect on prealbumin (t = 1.66, p = 0.10), albumin (t = �0.44, p = 0.66), alpha 2 (t = 1.29, p = 0.20), beta

2 (t = 0.65, p = 0.58), and gamma (t = 1.66, p = 0.10) levels (Figure 3). Total proteins (t = 2.35, p = 0.02), alpha

1 (t = 3.28, p < 0.01), beta 1 (t = 2.20, p = 0.03), and Immunoglobulin M (t = 45.04, p < 0.001) values were higher in

plasma of fish fed the innovative diet than in fish fed the control diet (control group) (Figure 3).

3.3 | Swimming activity data recorded by tags

Overall, the swimming activity recorded by tags was affected by the period of the day (t = �199.32, p < 0.001) and

the diet treatment (t = �2.15, p = 0.03), even if the difference is mainly localized at the end of the day-time

(Figure 4a). More precisely, swimming activity was lower at night than during the day, regardless of the diet. Post

hoc tests failed to find significant differences between diet groups within the period of the day (day or night)

(Figure 4b).

TABLE 5 Growth parameters in the control and innovative diet groups and in the untagged and tagged groups:
Total weight (mean ± SD; in grams) measured at the three sampling points (T0, T1, and T2), specific growth rate
(SGR, %/day), feed conversion ratio (FCR) and protein efficiency ratio (PER).

Variable Control diet Innovative diet Untagged fish Tagged fish

Weight at T0 (g) 215.9 ± 47.5 212.3 ± 54.2 – –

Weight at T1 (g) 306.4 ± 59.8 310.9 ± 69.4 307.2 ± 65.9 326.3 ± 46.4

Weight at T2 (g) 397.2 ± 80.5 395.9 ± 91.2 393.8 ± 87.2 429.5 ± 60.5

SGR (%/day) 0.56 ± 0.15 0.58 ± 0.16 0.57 ± 0.16 0.53 ± 0.13

FCR 2.10 ± 1.50 2.08 ± 1.79 2.11 ± 1.71 1.85 ± 0.61

PER 1.26 ± 0.39 1.31 ± 0.40 1.28 ± 0.39 1.31 ± 0.37

Note: Weight at T0 is not reported for the tagged/untagged groups because tag implantation occurred between T0 and T1.

TOOMEY ET AL. 11 of 26
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When looking at the frequency distribution of data registered by tags, the distribution shapes look overall very

similar between the two diets, but there is a significant difference in frequency distribution between diets

(χ2 = 800.10, p < 0.001). The distribution of swimming activity values for fish fed the control diet is slightly skewed

toward higher values than the fish fed the innovative diet (Figure A2).

3.4 | PCA & MCDA results

Based on the parallel analysis, the optimal coordinates, and the acceleration factor methods, the first two compo-

nents of the PCA were retained, all together explaining 47.34% of the total data variability (Figure 5a). The

Hematocrit (%) Hemoglobin (g/dL) RBCC (106 cells/mm3)

Cortisol (nmol/L) Glucose (mmol/L) Lactate (mmol/L)
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F IGURE 2 Stress, health, and welfare blood physiological parameters (mean ± sd) were measured at the two
different sampling points (T1 and T2) in the control (in gray; n = 13–16) and innovative diet (in green; n = 13–16)
groups in Sparus aurata. Parameters monitored were cortisol (nmol/L), glucose (mmol/L), lactate (mmol/L),
hematocrit (%), hemoglobin (g/dL), and red blood cell count (RBCC; 106 cells/mm3). Significant differences between
the two sampling times and/or between diets are indicated in the figure by different letters for each parameter
independently; NS (not significant) indicates the absence of time and diet effects. Values obtained at T0 (i.e., before
the beginning of the feeding trial) were added in white as reference values.
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contribution of the different variables varied greatly within each component (Figure 6). Looking at variables contrib-

uting to the first PCA component, total proteins were the most influencing factor (14.03%), followed by beta

2 (10.41%), alpha 1 (10.15%), beta 1 (8.77%), gamma (7.50%), prealbumin (7.33%), glucose (7.16%), lactate (6.05%),

and alpha2 (5.20%) (Figure 6). Other variables contributed to the first component less than the expected average

contribution if the contribution of the variables were uniform. Globally, individuals displaying low total protein values

presented lower values in the different protein fractions, lower lactate values, and higher glucose values (Figure 6).

This suggests that individuals with high values on the first PCA component (Figure 5a) generally exhibit lower wel-

fare, despite showing lower lactate levels. Along the second component (Figure 6), individuals with higher weight

values also demonstrate higher SGR and PER, lower FCR, and reduced hemoglobin levels. Overall, fish with higher

values on the second PCA component (Figure 5a) display better growth performance but lower hemoglobin levels.

Looking at the individual fish positioning along the different PCA components, the two organic diets seemed slightly

different in the first component (i.e., distinction of two ellipses along component 1 despite a slight overlap in
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F IGURE 3 Immune parameters and protein content (mean ± sd) were measured at the two different sampling
points (T1 and T2) in the control (gray; n = 15–16) and innovative diet (green; n = 10–16) groups in Sparus aurata.
Parameters monitored were total proteins (g/L), prealbumin (g/L), albumin (g/L), alpha 1 (g/L), alpha 2 (g/L), beta
1 (g/L), beta 2 (g/L), gamma (g/L), and immunoglobulin M (μg/mL). Statistically significant differences between the
two sampling times and/or between diets are indicated in the figure with different letters for each individual

parameter; NS (not significant) indicates the absence of time and diet effects. Values obtained at T0 (i.e., before the
beginning of the feeding trial) were added in white as reference values.
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Figure 5a) but there was a larger overlap in the second component (Figure 5a). Analyses of the principal component

scores showed that there was a significant difference between diets for the first component (W = 109, p = 0.03;

Figure 5b) while no significant difference could be seen for the second (W = 49, p = 0.20; Figure 5c) component.

Regarding the nonstructural fuzzy decision support system analysis, scores of the two diets obtained for each of

the nine decision factors considered are reported in Annex A2. For glucose, prealbumin, albumin, beta 2, and gamma,

the control diet was set equivalent to the innovative diet. On the other hand, for total proteins, alpha 1, and beta

1, the innovative diet presented the highest score, while the control diet presented a higher score for lactate. Under

the hypothesis using weighting scores, the MCDA showed that the parameter characterized by the highest score

was total proteins, followed by beta2, while albumin and lactate had the lowest scores (Annex A2). The best

score relative to the welfare status of fish was achieved by the innovative diet, regardless of the weighting hypothe-

sis considered (Annex A2).

4 | DISCUSSION

In this study, we conducted a comprehensive evaluation of the effects of an innovative, environmentally friendly,

and cost-efficient diet. We evaluated the effects of this diet, characterized by lower fish meal content (51% replace-

ment by a blend of plant and animal protein sources, including notably fermented soy, pea, krill, squid, and yeast

meals) on the health and welfare of S. aurata.
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F IGURE 4 Swimming activity (mean ± sd; AU) as a function of (a) hours of the day and (b) period of the day
(i.e., day and night) for control diet (gray; n = 10) and innovative diet (green; n = 10) in Sparus aurata. Gray
rectangles indicate the dark period of the photoperiod. Different letters indicate significant differences between
groups according to post hoc tests.
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F IGURE 5 Principal component analysis. (a) Visualization of the individual fish positioning on the PCA
components 1 and 2 as a function of diet (control diet in gray, innovative diet in green); confidence ellipses were
drawn around diet groups with a confidence level of 0.95. (b) PC scores for the first component as a function of diet.
(c) PC scores for the second component as a function of diet. For B and C, different letters on boxplots indicate a
significant statistical differentiation between diets (p < 0.05).
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4.1 | Growth and mortality performance

The introduction of the innovative diet had no discernible impact on the survival and growth performance of gilthead

seabream. Irrespective of the diet, individuals exhibited comparable weights at the conclusion of the experiment and

key metrics, including mortality rate, SGR, FCR, and PER, were not influenced by the dietary treatment. Previous

studies have highlighted the specific effects of different ingredients on growth in various species. For example, fer-

mented soybean meal has been shown to impair growth at high concentrations (e.g., in Acanthopagrus schlegeli, Zhou

et al., 2011). However, no deleterious impact on growth was observed when used at appropriate concentrations

(e.g., Alfonso et al., 2024; Azarm & Lee, 2014; Zhou et al., 2011). The use of exogenous enzymes and krill meal has

also been reported to improve growth (Anwar et al., 2020; Saleh et al., 2018; Tharaka et al., 2020; Torrecillas

et al., 2021), although this effect was not observed in the present study. As a last example, a previous study on

S. aurata found that replacing fish meal with a mix of plant-based ingredients, krill meal, and squid meal in varying

proportions did not negatively impact growth (Zaragozá et al., 2020), in agreement with what was observed in the

present study. However, direct comparisons with studies evaluating the individual effects of ingredients remain lim-

ited, as the present study employed a mix of novel ingredients, making it challenging to isolate their individual

effects. Overall, the growth parameters measured in this experiment align with existing literature on S. aurata
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F IGURE 6 Contribution of the 22 variables to the first two components of the principal component analysis.

Asterisks indicate variables contributing more than the expected average contribution if the contribution of the
variables were uniform for each component.
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(e.g., Alfonso et al., 2024; Alfonso, Zupa, Manfrin, Fiocchi, Dioguardi, et al., 2020; Carbonara, Alfonso, et al., 2019),

providing initial support for the potential future application of such an innovative diet in organic seabream

aquaculture.

4.2 | Hematological and biochemical blood indicators

Hematological and biochemical parameters analyzed in this study serve as relevant indicators of fish health and wel-

fare status and are sensitive to a broad spectrum of rearing conditions and associated potential stressors (Carbonara

et al., 2015; Carbonara, Dioguardi, et al., 2019; Carbonara, Zupa, et al., 2020; Caruso et al., 2005; Ellis et al., 2012).

The values obtained for these parameters fall within the range reported in previous studies on S. aurata (Alfonso

et al., 2024; Alfonso, Zupa, Manfrin, Fiocchi, Dioguardi, et al., 2020a; Alfonso, Zupa, Manfrin, Fiocchi, Spedicato,

et al., 2020b; Carbonara et al., 2022; Carbonara, Alfonso, et al., 2019; Fazio et al., 2020; Gallardo et al., 2003; Sala-

Rabanal et al., 2003; Samaras et al., 2023). Our results also provide some valuable basal values, particularly for pro-

tein fractions for which there is not much information available in the literature for Sparus aurata.

While there was a temporal variation observed in most of the hematological and blood biochemical indicators

related to stress and welfare, their levels remained unaffected by the use of the innovative diet. The only parameter

directly impacted by the innovative diet was the concentration of lactate, which was higher at T2 in fish fed the inno-

vative diet compared to control individuals. Lactate is implicated in the secondary stress response, and its elevation

is associated with anaerobic metabolism resulting from hypoxia or locomotory performance. The rise in seabream

fed the innovative diet at T2 could suggest higher stress levels (Schreck & Tort, 2016), but this interpretation was

not corroborated by patterns observed in other monitored stress indicators (e.g., cortisol, glucose, Hsp70).

Immunological parameters measured in the plasma of seabream exhibited variations over time and between the

two organic diets. The plasma of fish fed the innovative diet exhibited higher total protein content. Total proteins in

blood play a crucial role in various physiological functions, including maintaining pH and osmotic pressure,

transporting metabolites, and interacting with the immune system (Esmaeili, 2021), and are used as an indicator of

health status (Coeurdacier et al., 2011; Mansour et al., 2021). In the presence of pathogens or stress factors, total

protein concentration is often seen to decrease due to reduced synthesis capacity, decreased absorption, or protein

catabolism resulting from increased energy costs of homeostasis (Das et al., 2006; Fazio et al., 2012; Xu et al., 2012;

Yang & Chen, 2003). Different peptides, including anti-protease, lysozymes, antibodies, complement factors, and

other lytic factors, are present in serum as a first line of defense. These peptides prevent bacteria from adhering to

and colonizing the body, hence preventing infection and disease (Kaleeswaran et al., 2012). In this context, the higher

level of total proteins in the innovative group could be associated with a stronger innate immune response

(Carbonara et al., 2022; Coeurdacier et al., 2011; Mansour et al., 2021). This is also congruent with the swimming

activity requiring more energy for the control group than the innovative group (see section 4.3). The higher level of

total proteins is congruent with a previous study led on European seabass (Dicentrarchus labrax), which evaluated an

innovative diet containing plant-based fish meal replacers (soy protein concentrate, fermented soya) and yeast

(Alfonso et al., 2023), but total protein variations are different depending on fish meal substitutes and studied spe-

cies (e.g., Alfonso et al., 2024; Choi et al., 2020; Tharaka et al., 2020; Wang et al., 2020). In more detail for globulin

results, higher levels of IgM were observed in fish fed the innovative diet compared to those fed the control diet.

IgM, known as a major component of the vertebrate humoral immune system in teleosts (Cuesta et al., 2004;

Ellis, 1998; Wilson et al., 1995), typically shows increased levels in response to immunostimulant administration in

seabream (Cuesta et al., 2004). This suggests a potential enhancement in the immune defenses of fish fed the inno-

vative diet. Furthermore, specific changes were noted in the concentration of alpha 1 and beta 1 globulin in the

plasma of fish fed the innovative diet compared to those fed the control diet. Both alpha and beta globulins consti-

tute acute-phase inflammatory proteins in fish (Christiansen et al., 2015; Kumar et al., 2018; Manera & Britti, 2008)

and their levels are regularly used as an indicator of immune response (Hassaan et al., 2019; Mansour et al., 2021).
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These findings suggest a potential immunostimulant effect of the innovative diet since environmental conditions

were the same among diets. Plant-based proteins have been reported in other studies to induce alterations in

immune status (see Aragão et al., 2022 and references therein), while the inclusion of yeast and krill meal has been

shown to enhance fish immunity (Mahdy et al., 2022; Sultana et al., 2024; Tharaka et al., 2020), likely due to the pro-

vision of β-glucans (Khanjani et al., 2022; Sultana et al., 2024) and chitin (Ringø et al., 2012). In a similar study, a

potential immunostimulant effect of a diet containing plant-based (i.e., soy protein concentrate, fermented soy, pea

protein, wheat gluten meal), yeast, and krill meals was shown in S. aurata (Alfonso et al., 2024). However, the specific

effects of individual ingredients cannot be determined, as the innovative diet consisted of a mixture of alternative

fishmeal substitutes. Further studies, both in vivo and in vitro, are needed to unravel the underlying reasons for the

serum changes observed in this study.

4.3 | Swimming activity recorded by the tag

Swimming activity serves as a widely employed welfare marker in fish, providing a reliable indicator of oxygen con-

sumption and serving as a proxy for energy expenditure in various fish species, including S. aurata (Alfonso

et al., 2021, 2022, 2024; Carbonara et al., 2015, 2021; Carbonara, Alfonso, et al., 2019; Carbonara, Zupa,

et al., 2020; Martins et al., 2012; Zupa et al., 2015, 2021). Higher swimming activity generally implies a greater reli-

ance on anaerobic metabolism, suggesting lower availability of energetic reserves for other biological functions or

potential future stressful events. Internally implanted acoustic transmitters are now widely utilized across various

taxa (Lennox et al., 2023), offering various advantages compared to external or gastric tags (Thorstad et al., 2013).

However, it is important to note that the implantation procedure is invasive and may potentially induce behavioral

and physiological stress responses (Macaulay et al., 2021). Consequently, the potential impacts of tag implementa-

tion require investigation, not only at a species level but also for each case study (Alfonso, Zupa, Manfrin, Fiocchi,

Dioguardi, et al., 2020). In adherence to the recommended “2 % rule,” the study ensured that the tag mass/body

mass ratio was within an acceptable range (1.65 ± 0.18%). Tagging was demonstrated to have no lethal impact, as no

tagged fish experienced mortality, falling within the expected mortality range in tanks according to Macaulay et al.

(2021) (mean: 2.5%, range = 0%–17%). Moreover, no significant differences were observed between tagged and

untagged fish in terms of final weight, SGR, FCR, or PER, indicating a lack of detrimental impact on growth. However,

it is crucial to acknowledge that the assessment of tagging effects in this study was limited to a specific set of traits

related to mortality and growth. Conclusions should not be extrapolated to other biological functions, and further

investigations are warranted on additional traits, considering that deleterious impacts of tag implantation have been

reported in other species (e.g., Georgopoulou et al., 2022; Macaulay et al., 2021; Neves et al., 2018). Nevertheless,

the current findings align with existing literature on S. aurata, which has reported either no impact (Alfonso, Zupa,

Manfrin, Fiocchi, Dioguardi, et al., 2020a; Arechavala-Lopez et al., 2021) or minimal impact (e.g., no change in behav-

ioral or physiological parameters except for higher cortisol values 9 days after surgery; Montoya et al., 2012) from

transmitter implantation. The lack of negative impact from tag implantation has also been documented for other spe-

cies (e.g., Ammann et al., 2013; Childs et al., 2011; Klinard et al., 2018; Koed & Thorstad, 2001). Overall, this sup-

ports the hypothesis that tagged individuals can be considered representative of the studied population, and hence

the use of tags could be promising for monitoring the health and welfare of farmed fish in the context of organic

aquaculture.

The acceleration values recorded throughout the experiment fall within the reported range for S. aurata (Alfonso

et al., 2024; Carbonara et al., 2022; Carbonara, Alfonso, et al., 2019). The diet treatment affected the acceleration

recorded by tags, but the difference was mainly localized at the end of the daytime (2 h before the dark phase of the

photoperiod). Electromyogram analyses of red and white muscle activity during swimming in S. aurata indicate that

swimming activity values below 80 AU are fueled by aerobic metabolism, while values above 80 AU involve progres-

sive energy consumption from anaerobic metabolism until 255 AU (the limit of tag measurement; Alfonso
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et al., 2021). In this study, fish fed the innovative diet, therefore, exhibited swimming activities principally fueled by

aerobic metabolism. These fish are thus better equipped to handle stress due to their physiological state, which

reduces the consumption of anaerobic reserves. The control group, on the other hand, used a higher percentage of

anaerobic metabolism, which indicates a reduced metabolic energy storage that would be helpful in handling stress-

ful conditions (Alfonso et al., 2021; Lembo et al., 2007). However, these differences, although statistically significant,

are subtle and not reflected in either plasma lactate levels or fish growth. This suggests that the metabolic costs

associated with higher swimming activity are either low or compensated by the control diet. The statistical signifi-

cance of these differences should be interpreted cautiously, given the large amount of data collected by the tags

(932,775 swimming speed values collected over the monitoring period).

4.4 | Multiparametric approach

The individual investigation of growth, physiological, and immunological traits in this study provides valuable and

essential information on the effects of the innovative diet. However, due to the multifaceted nature of welfare,

drawing conclusions can be challenging, given potentially contradictory indications from different traits (i.e., here, no

diet difference for some traits, lactate highlighted the control diet as more suitable while for instance swimming

activity indicated the innovative diet as more interesting from a welfare perspective). The multiparametric approach

employed here offers a more comprehensive and global understanding of the impact of new aquafeeds on fish health

and welfare by considering all pieces of evidence in a single analysis. Despite limitations, such as the loss of informa-

tion for parameters providing more than one value per fish (e.g., swimming activity averaged per fish) or the consid-

eration of a unique final sampling point to homogenize data among parameters (i.e., exclusion of T1 values for

physiological parameters), the multiparametric approach facilitates assessment and allows for a global overview. In

this study, akin to its application to sea bass in Carbonara, Alfonso, et al. (2020), the multiparametric approach

highlighted a difference in welfare between the two diets, particularly in the first component of the PCA. Subsequent

components did not reveal significant differences. The differentiation between dietary groups in the PCA was driven

by four traits showing a diet effect in individual analyses (i.e., total proteins, alpha1, beta1, and lactate), and five traits

that did not stand out in individual analyses (i.e., beta2, prealbumin, glucose, gamma, and albumin). Other traits did

not significantly contribute to the first component, including two traits for which a diet effect was highlighted in

single-trait analyses (i.e., IgM and swimming activity). Discrepancies with single-trait analyses can be attributed to

various factors such as the consideration of solely T2 (e.g., stronger IgM difference between diets at T1 than at T2;

Figure 3), value averaging per fish (e.g., slight diet difference in swimming activity visible only at the end of the day

phase [Figure 4a]; averaging values per fish may erase differences), the fact that PCA considers correlations between

traits, and/or the possibility that some traits partly explain inter-fish variability within the same diet group along the

PCA first component (Figure 6a) and contribute less to inter-diet differentiation. Interpreting PCA results directly to

determine which diet yields the optimal welfare and health status can be challenging, as certain parameters may

favor different diets (e.g., lactate vs. total proteins). The MCDA offers a comprehensive approach and reveals that

the innovative diet promotes the best health and welfare for fish, aligning with expectations from individual statisti-

cal analyses. Assessing fish welfare remains complex due to its multifaceted nature. Combining functional-based and

feeling-based traits provides a comprehensive perspective, and employing multiparametric approaches facilitates

reaching a consensus on fish welfare status under varying rearing conditions.

5 | CONCLUSION AND PERSPECTIVES

In conclusion, the introduction of the innovative diet did not have a negative impact on the growth performance and

survival of seabream individuals. Furthermore, hematological and biochemical blood indicators remained mostly
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unaffected by the innovative diet, collectively suggesting no adverse effects on welfare. The increased levels of total

proteins and particular globulins in the plasma of fish fed the innovative diet may indicate an enhancement of innate

immunity. The multiparametric analysis provided a comprehensive overview of the diet effects on fish welfare, indi-

cating a differential impact of the two diets on fish welfare, with the innovative diet resulting in the best fish health

and welfare. Overall, the cost-effective, innovative, and eco-friendly diet tested in this study appears promising for

organic aquaculture. Nonetheless, further research is essential to investigate the underlying causes of the changes

observed in immune parameters and long-term effects. Additionally, other aspects related to the use of this new diet

should be assessed, such as its environmental impact, particularly in open systems like sea cages, where factors like

waste discharge may potentially trigger eutrophication and impact benthic assemblages (see for instance, Ballester-

Moltó et al., 2017 and Di Marco et al., 2017).
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