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b Institute of Animal Science and Technology (ICTA), Group of Aquaculture and Biodiversity, Universitat Politècnica de València, Camino de Vera 14, 46071 València, 
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A B S T R A C T   

To evaluate the raw material digestibility, the physical characteristics of diet pellets and faeces, and the post
prandial nitrogen excretion in greater amberjack (Seriola dumerili) reared in recirculating aquaculture systems 
(RAS), 10 diets were obtained by mixing a reference diet (CP: 51.8% DM; EE: 13.6% DM) with one of ten raw 
materials (7:3 ratio), i.e. fishmeal (FM), porcine haemoglobin (PH), fermented soybean (FS), soybean protein 
concentrate (SPC), hydrolysed wheat protein (HWP), potato protein (PP), beet pulp (BP), beer yeast without fat 
(BY), beer yeast with fat (BYF), and Lithothamnium seaweed (LS). Twenty fish (268.9 ± 94.3 g) were randomly 
distributed into 5 RAS tanks (4 fish per tank) and fed for 140 days the experimental diets. A Latin square 
experimental design was used based on 5 diets × 5 tanks for two rounds (10 ingredients, 2 weeks per diet per 
tank). The highest ADCs of dry matter and protein were recorded for PH (83.0% and 88.4%, respectively), FM 
(81.8% and 84.3%), SPC (77.4% and 82.5%), and BYF (73.0% and 80.9%) while the lowest ones for BY (64.4% 
and 70.8%), HWP (59.8% and 69.9%), PP (48.3% and 69.8%), and BP (53.7% and 55.8%) (p < 0.05). The ADCs 
of EAA were the highest for PH, FM and SPC compared to the other raw materials; ADCs of lipids was above 90% 
for all raw materials (p > 0.05). Regarding pellets properties, FM was associated with the highest value for oil 
leakage whereas BP to the lowest (0.18% vs. 0.11%; p < 0.05); FS, HWP, BYF, and PH produced less turbidity in 
water after 15 min than BY (3.68 mg L− 1 on average vs. 6.01 mg L− 1; p < 0.05). Regarding faeces size, fish fed FS, 
BYF, and FM produced the lowest volume of fresh faeces of fine-size class than those fed the other raw materials 
(62.1% vs. 69.2% on average; p < 0.05); the highest rate of dry faeces retained at a sieve mesh interval of 1.0 <
mm < 1.2, was produced by fish fed BYF and the lowest rate by those fed BY (1.16% vs. 0.34%; p < 0.05). A 
maximum of postprandial nitrogen excretion (mg N-NH4

+ × kgfish
− 1 × h) was reached between 2 and 4 h after feed 

ingestion without differences among diets (p > 0.05). Overall, the findings of this investigation will contribute to 
the sustainable formulation of RAS aquafeed optimized and tailored for this promising Mediterranean aqua
culture species.   

1. Introduction 

The forecast world aquaculture expansion (FAO, 2022) calls for a 
careful management of natural resources, like water and soil, an 

effective handling of waste production and environmental pollution 
(Ahmed and Turchini, 2021). 

Among the Mediterranean land-based aquaculture industry, greater 
amberjack (Seriola dumerili) is a cutting-edge and commercially 
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important fish species (Mazzola et al., 1993; Sicuro and Luzzana, 2016). 
Its rapid growth and large size make this species very suitable for the 
development of new value-added products (Nijssen et al., 2019; Robles 
and Mylonas, 2017). The farming of greater amberjack has involved 
limited commercial experiences thus far, mostly relying on the utiliza
tion of whole raw fish as a dietary source for feeding (Boix et al., 1993; 
Cavaliere et al., 1989; García, 1993). Thus, in recent years, Japan and 
Australia are increasingly using complete aquafeed for farming of the 
closely-related species Japanese yellowtail (Seriola quinqueradiata) and 
yellowtail kingfish (Seriola lalandi) (García-Gómez, 2000). Existing 
literature on greater amberjack is scarce (García-Gómez, 2000), but 
available studies (Shimeno, 1991; Takeuchi et al., 1992; Jover-Cerdá 
et al., 1999) have indicated that high dietary levels of crude protein 
(>45%) result in favourable feed efficiency for this species. However, 
due to concerns regarding sustainability and availability of large quan
tities of marine raw materials, alternative raw materials have been 
tested, which include common animal and plant resources in practical 
diets for Japanese yellowtail (Ido et al., 2021; Seong et al., 2022; 
Yoshitomi and Nagano, 2012) and yellowtail kingfish (Dam et al., 2019, 
2020; Horlick et al., 2020; Horstmann et al., 2023a). However, the 
database about the digestibility of these ingredients remains elusive for 
greater amberjack (García-Gómez, 2000) and previous results on this 
species have shown that alternative raw materials can not totally replace 
fishmeal (Tomás-Vidal et al., 2019). 

Additionally, despite yellowtail species show high growth rates in 
sea cages, environmental issues (e.g. ‘red tides’) and flatworm parasites 
(e.g. Benedenia seriolae and Zeuxapta seriolae) can cause reduced appetite 
and slow growth, besides death by loss of osmotic control or anoxia 
(Sharp et al., 2004). The shift to closed intensive farming systems, such 
as recirculating aquaculture systems (RAS), should prevent any path
ogen infection and remove the need for expensive and stressful treat
ments. On the other hand, in a RAS, the diets must reduce the proportion 
of waste also in terms of release of protein catabolites by fish into the 

water (Ahmed and Turchini, 2021; Fanizza et al., 2023; Lazzari and 
Baldisserotto, 2008). 

Considering these facts, the present study aimed at evaluating 
alternative raw materials [marine sources-derived (i.e. fishmeal); 
terrestrial animal by-product (i.e. porcine haemoglobin); plant-derived 
feedstuffs (i.e. fermented soybean; soybean protein concentrate; 
hydrolysed wheat protein; potato protein and beet pulp); and novel in
gredients (i.e. beer yeast with and without fat); and Lithothamnium 
seaweed] to be included in aquafeed for greater amberjack (Seriola 
dumerili), in terms of nutrient and amino acids digestibility, physical 
properties of aquafeed pellets and fish faeces, and the amount of fish 
postprandial nitrogen excretion in the water in a RAS system. 

2. Materials and methods 

2.1. Ethics statement 

The experimental procedures were conformed with the European 
Directive 2010/63/EU and Spanish national legislation (Spanish Royal 
Decree 53/2013), which regulate animal experimentation. The Ethics 
Committee of the Universidad Politècnica de València (UPV) approved 
the experimental methodology (2015/VSC/PEA/00058). Research staff 
involved in animal handling were animal specialists and practitioners. 

2.2. Raw materials 

Ten raw materials (FM: fishmeal; PH: porcine haemoglobin; FS: 
fermented soybean; SPC: soybean protein concentrate; HWP: hydrolysed 
wheat protein; PP: potato protein; BP: beet pulp; BY: beer yeast without 
fat; BYF: beer yeast with fat; LS: Lithothamnium seaweed), which prox
imate composition is showed in Table 1, were included in ten experi
mental diets (4 mm pellets), which were prepared by mixing a reference 
diet (crude protein: 51.8% DM; ether extract: 13.6% DM) with one of the 

Table 1 
Proximate composition and aminoacidic profile (% DM) of the tested raw materials included in the experimental diets for greater amberjack.   

Raw materials 

FM PH FS SPC HWP PP BP BY BYF LS 

Nutrient (% DM) 
Dry matter 91.9 94.1 17.3 92.5 93.5 91.6 88.9 96.9 93.4 92.1 
Ash 14.3 3.8 2.8 6.9 0.9 3.1 8.2 6.1 4.1 99.6 
Crude protein 73.9 95.0 37.2 67.7 62.5 84.6 8.9 44.9 43.6 0.4 
Crude fat 11.2 0.9 15.6 – 1.9 6.5 1.2 – 10.1 – 
Carbohydrates 0.6 0.3 44.4 25.4 34.7 5.8 81.7 49.0 42.2 – 
Gross energy (MJ/kg DM) 22.2 22.3 29.2 21.7 16.13 15.8 14.8 23.0 22.7 6.64  

Essential amino acids (% DM) 
Arginine 6.58 4.37 2.37 4.57 2.17 4.75 0.27 2.24 2.03 – 
Phenylalanine 3.35 6.75 1.73 3.38 3.57 5.43 0.35 1.60 2.23 – 
Histidine 3.17 7.86 0.92 1.61 1.49 1.81 0.27 1.78 1.01 – 
Isoleucine 3.50 4.57 1.50 3.10 2.30 4.72 2.94 1.79 1.87 – 
Leucine 6.04 14.59 2.77 5.31 4.67 8.85 1.72 2.60 3.85 – 
Lysine 6.19 8.81 2.08 4.00 1.20 6.56 0.47 2.69 2.25 – 
Methionine 2.20 1.41 0.58 0.94 1.42 2.01 0.16 0.89 1.66 – 
Threonine 3.72 3.02 1.45 2.46 1.56 4.81 0.40 2.45 1.58 – 
Valine 4.09 9.78 1.79 3.37 2.77 5.75 0.63 2.49 2.41 –  

Non-essential amino acids (% DM) 
Aspartic acid 7.08 12.44 3.35 7.02 1.91 10.64 0.69 4.19 2.67 – 
Serine 3.25 4.72 1.68 3.05 3.29 4.66 0.48 5.53 2.56 – 
Glutamic acid 10.03 7.56 5.66 12.00 24.56 9.05 0.87 4.55 11.35 – 
Glycine 5.26 4.70 1.62 2.81 2.24 4.22 0.43 3.45 2.37 – 
Alanine 4.98 8.20 1.45 2.80 1.63 4.21 0.40 3.31 2.49 – 
Proline 3.23 3.38 1.73 3.33 8.48 4.43 0.44 1.87 4.19 – 
Cysteine 0.72 0.69 0.58 0.83 1.35 – 0.10 0.60 1.39 – 
Tyrosine 2.50 2.19 1.16 2.22 2.43 5.09 0.33 1.41 1.65 – 

FM: Fishmeal; PH: Porcine haemoglobin; FS: Fermented soybean; SPC: Soybean protein concentrate; HWP: Hydrolysed wheat protein; PP: Potato protein; BP: Beet 
pulp; BY: Beer yeast without fat; BYF: Beer yeast with fat; LS: Lithothamnium seaweed. 
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tested raw materials in a ratio of 7:3, as described by Cho and Slinger 
(1979) and showed in Table 2. The proximate composition of the 
reference diet and the experimental diets including the tested raw ma
terials is showed in Table 3. 

The most protein-rich raw materials were PH (95.0% DM), PP 
(84.6% DM), FM (73.9% DM), and HWP (62.5% DM), whereas the least 
protein-rich were BP (8.9% DM) and LS (0.4% DM). The most fat-rich 
raw material was FS (15.6% DM), whereas SPC, LS, and BY did not 
contain fat. Regarding the amino acid composition of the raw materials, 
except for LS that contained a negligible amount of protein, PH, PP, and 
FM had a favourable content of lysine (8.81%, 6.56%, and 6.19% DM, 
respectively) and methionine (1.41%, 2.01%, and 2.20% DM). 

The ten experimental diets were produced in the Fish Nutrition 
Laboratory of ICTA-UPV (Valencia, Spain), through pelleting with a 
semi-industrial twin-screw pelletizer (CLEXTRAL BC-45, St. Etienne, 
France), using a screw speed of 100 rpm, a temperature of 110 ◦C, and a 
pressure of 40–50 atm. Batches of 10 kg of aquafeed pellets per exper
imental diets were produced and stored in the refrigerator (0◦– 4 ◦C) in 
airtight containers until administration. 

The raw materials were provided by different commercial com
panies, in details fishmeal by EUROCOYAL S.L. (Barcelona, Spain; 
ESP08400565); porcine haemoglobin by APC Europe S.L.U. (Barcelona, 
Spain; ESP02000229); fermented soybean by Global Iberica Nutrition 
and Additives, S.L. (Madrid, Spain; ESP28000727); soybean protein 
concentrate by EUROCOYAL S.L. (Barcelona, Spain; ESP08400565); 
hydrolysed wheat protein by Cargill S.L.U. (Barcelona, Spain; 
ESP50165001); potato protein by Vicens Y Batllori S.L. (Girona, Spain; 
ESP17200121); beet pulp by Pinsos Janè Cardedeu S.A. (Girona, Spain; 
ESP17101263); beer yeast without fat by Aplicaciones biològicas a la 
nutriciòn S.L. (Madrid, Spain; ESP28000577); beer yeast with fat by 
Aplicaciones biològicas a la nutriciòn S.L. (Madrid, Spain; 
ESP28000385), and Lithothamnium seaweed by Oceana Mineral Tech
nology S.L. (Madrid, Spain; ESP28000628). 

2.3. Animals and rearing conditions 

Twenty greater amberjacks (268.9 ± 94.3 g initial live weight) were 
moved by an authorized truck from the Universidad de Cádiz (Cádiz, 
Spain) to the Fish Nutrition Laboratory of ICTA-UPV (Valencia, Spain). 
At arrival, they were randomly distributed in five RAS tanks (190-L 
fiberglass tanks, 88-cm length, 62-cm diameter, and 188-cm depth), 
equipped with a Guelph system for the collection of the faecal matter, 

with four fish per tank. The water flow was regulated to avoid the 
sedimentation of faeces in the drainpipe and facilitate their recovery in 
the settling column. The system was equipped with a water conditioning 
pump (TRANE CAN 490, 123.3 kW, Dublin, Ireland), a rotary drum-type 
filter, a mechanical gravity biofilter (2 m3), and porous stones for 
aeration. The photoperiod was maintained at 12 h light/12 h dark by 
artificial daylight simulation. Physical-chemical water traits and mor
tality were daily checked. 

During the trial, the water temperature was maintained at 21.2 ±
2.66 ◦C. The level of dissolved oxygen was 6.57 ± 0.71 mg L− 1. Then, 
the following values were recorded for the other water traits: salinity, 
34.6 ± 1.74 g L− 1; pH, 8.59 ± 2.21; NO3

− , 36.9 ± 13.4 mg L− 1; NO2
− , 

0.01 ± 0.04 mg L− 1; the ammonium value was not detectable. 

2.4. Digestibility assay 

After one month of adaptation, the digestibility trial lasted 140 days. 
A Latin square experimental arrangement with 5 diets × 5 tanks for two 
rounds was adopted. During each round of faeces collection, each tank 
was fed one of the five experimental diets during 2 weeks (resulting in a 
total duration of 10 weeks per round). Before changing the diet, the fish 
of each tank were starved for 24 h to help the ejection of the previous 
diet. During the digestibility trial, the fish were slowly handfed one meal 
a day to visual apparent satiation at 10.00 h, from Monday to Saturday, 
with a starvation day on Sunday. One hour after the meal, the drainpipe 
and the settling column were cleaned to remove uneaten pellets and 
faeces to avoid their mixing in the recollection. Then, faeces were daily 
collected at 9.00 h (one hour before feeding), pooled by tank, frozen at 
− 20 ◦C, dried at 60 ◦C for 48 h (lyophilizator ALPHA 1–4, Christ, 
Osterode am Harz, Germany), and stored in sealed containers at envi
ronmental temperature prior to physical and chemical analysis. 

Apparent digestibility coefficients (ADC, %) of nutrients, i.e. dry 
matter, protein, lipid, and amino acids, of the reference and experi
mental diets were calculated according to the following formula: 

ADC (%) = 100× [1 − (F/D×DCr/FCr) ]

where F is the content of nutrient in faeces, D is the content of nutrient in 
diet, DC is the content of CrO3 in diet, and FC is the content of CrO3 in 
faeces (Cho and Kaushik, 1990). Then, the apparent digestibility co
efficients (ADCRM, %) of nutrients of each raw material were determined 
after considering the individual contribution of each raw material and 
the nutrients from the reference diet, applying the following formula: 

Table 2 
Ingredient composition (%) of the reference diet and the experimental diets prepared by mixing the reference diet with the ten different raw materials in a ratio of 7:3.  

Raw materials Reference diet (%) Experimental diets (%) 

FM PH FS SPC HWP PP BP BY BYF LS 

Fishmeal 64.9 75.4b 45.4 45.4 45.4 45.4 45.4 45.4 45.4 45.4 45.4 
Wheat meal 27.4 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.2 
Fish oil 6.70 4.7 4.7 4.7 4.7 4.7 4.7 4.7 4.7 4.7 4.7 
Vitamin–mineral mixa 1.00 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
Porcine haemoglobin (PH)  30         
Fermented soybean (FS)   30        
Soybean protein concentrate (SPC)    30       
Hydrolysed wheat protein (HWP)     30      
Potato protein (PP)      30     
Beet pulp (BP)       30    
Beer yeast without fat (BY)        30   
Beer yeast with fat (BYF)         30  
Lithothamnium seaweed (LS)          30 

FM: Fishmeal; PH: Porcine haemoglobin; FS: Fermented soybean; SPC: Soybean protein concentrate; HWP: Hydrolysed wheat protein; PP: Potato protein; BP: Beet 
pulp; BY: Beer yeast without fat; BYF: Beer yeast with fat; LS: Lithothamnium seaweed. 

a Vitamin and mineral mix: Choline, 1; DL-α-tocopherol, 0.5; ascorbic acid, 0.5; (PO4)2Ca3, 0.5. Premix composition: retinol acetate, 1,000,000 IU/kg; calciferol, 500 
IU/kg; DL-α-tocopherol, 1; menadione sodium bisulphite, 0.08; thiamine hydro-chloride, 0.23; riboflavin, 0.23; pyridoxine hydrochloride, 1.5; cyanocobalamin, 2.5; 
nicotinamide, 1.5; pantothenic acid, 0.6; folic acid, 0.06; biotin, 0.01; ascorbic acid, 7.5; inositol, 1.5; betaine, 10; polypeptides 1.2; Zn, 0.5; Se, 0.002; I, 0.05; Fe, 0.02; 
CuO, 1.5; Mg, 0.57; Co, 0.002; Met, 0.12; Cys, 0.08; Lys, 0.13; Arg, 0.06; Phe, 0.04; Trcp, 0.07. 

b 30% of the inclusion of fishmeal as candidate raw material was calculated in the total amount of fishmeal. 
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ADCRM (%) = (NutrED ×ADCED–0.7×NutrRD ×ADCRD)/(0.3×NutrRM)

where NutrED is the nutrient content in the experimental diet (ED), 
ADCED is the apparent digestibility coefficient of the nutrient in the 
experimental diet, NutrRD is the nutrient content in the reference diet 
(RD), ADCRD is the apparent digestibility coefficient of the nutrient in 
the reference diet and NutrRM is the nutrient content in the raw material 
(RM) (Sugiura et al., 1998). 

2.5. Chemical analyses of raw materials, experimental diets and faeces 

The tested raw materials, the reference and the experimental diets, 
and the collected faeces were analysed based on the Association of 
Official Analytical Chemists (AOAC, 2019) procedures: dry matter, 
official method 934.01 (105 ◦C to constant weight); ash, official method 
942.05 (incinerated at 550 ◦C for 5 h); crude protein, official method 
990.03 (determined by direct combustion method DUMAS using LECO 
CN628, St. Joseph, MI, USA); and crude fat, official method 920.39 
(extracted with methyl-ether using ANKOMXT10 Extractor, Macedon, 
NY, USA). 

Total carbohydrates content of the tested raw materials and of the 
experimental diets were calculated as dry matter minus ash minus crude 
protein minus crude fat (Phan et al., 2021). Theoretical gross energy 
(GE) content of the tested raw materials and of the experimental diets 
was calculated from the carbon (C, g) and nitrogen (N, g) balance ac
cording to the following formula (Brouwer, 1965): 

Theoretical grossenergy(MJ/kg)=[51.8×(%C/100)]–[19.4×(%N/100)]

where carbon and nitrogen content were determined by the Dumas 
principle (TruSpec CN, Leco Corporation, St. Joseph, MI, USA). 

To calculate the ADCs, the Cr content of diets and faeces was 
determined according to Neto et al. (2005) using an atomic absorption 
spectrophotometer (Perkin Elmer 3300, Perkin Elmer, Boston, MA, USA) 
after acid digestion of the sample with HNO3 1.5 N + KCl 0.38%. All 
analyses were performed in triplicates. 

The amino acid content of raw materials and faeces were determined 
using a HPLC system (Waters 474, Waters, Milford, MA, USA) with two 
pumps (Model 515, Waters), an autosampler (Model 717, Waters), a 
fluorescence detector (Model 474, Waters), and a temperature control 
module. Alpha aminobutyric acid was added as an internal standard 
before hydrolyzation and the derivatization of amino acids was made 
using AQC (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate). 
Methionine and cysteine were determined independently as methionine 
sulphate and cysteic acid after oxidation with performic acid, were 
separated with a C-17 reverse-phase column Waters Acc. Tag (150 mm 
× 3.9 mm) and then converted into methionine and cysteine (Bosch 
et al., 2006). 

2.6. Physical analysis of diet pellets and faeces 

The turbidity of the water produced by the suspended solids leached 
from the experimental diets was assessed by adding an aliquot of the diet 
to distilled water and taking water samples every 15 min (1 h in total) 
for spectrophotometer analysis (PG Instruments, Leicester, UK) ac
cording to Rice et al. (2017). The oil leakage of the diets was evaluated 
based on Sørensen (2012), in order to simulate the effect of bag storage; 
the durability was measured by a DORIS tester (Durability On a Realistic 
test; Akvasmart, AKVA group, Bryne, Norway) to evaluate the me
chanical stress resistance of the diet pellets (Aas et al., 2011). Physical 
analyses of diet pellets were performed in triplicates. 

On each pool of faeces collected per tank, the particle size was 
measured both with volumetric measurement of fresh faeces (Welker 
et al., 2020a), and through the fractionation of dried faeces by sieves 
(Endecotts, London, UK) with a defined mesh size of 1.2 mm, 1.0 mm, 
0.8 mm, 0.5 mm, 0.3 mm and 0.0 mm inserted in a sieve shaker 
(BÜHLER, Alzenau, Germany) (ASABE, 2008; procedure S319.4). The 
analyses of fresh and dry faeces were performed in triplicates. 

2.7. Nitrogen excretion assay 

During the digestibility trial, each tank was isolated from the rest of 
the system (i.e. turning off the water and aeration) for one day a week 
for 20 min every two hs for 24 h, during which water samples were taken 
for chemical analysis. The experimental diets were administrated with a 
restricted rate of 2% of the average weight of the fish. The excretion of 
postprandial N-TAN (Total Ammonia Nitrogen, NH3 + NH4

+) for each of 
the treatments was measured based on the difference between the 
content of dissolved nitrogen at a given time (i.e. 0 h, 2 h, 4 h, 6 h, 8 h, 
12 h, 24 h). The N-TAN excretion was calculated at each time by the 
following equation: 

Excreted mg N − TAN
/
h =

(
N − TANfinal

)
− N − TANinitial

)/
time (h)

where the initial and final amount of N-TAN was calculated by multi
plying the volume of water in the tank by the content of N measured in 
mg L− 1. The content of N-TAN in water samples was measured by the 
indophenol method after the addition of phenol, nitroprusside, sodium 
citrate, and alkaline sodium dichloroisocyanurate. The absorbance of 
the compound was measured after 6 h at a wavelength of 640 nm, using 
a T60V UV-VIS spectrophotometer (PG Instruments, Leicester, UK). N- 
TAN values were measured as dissolved nitrogen (mg N L− 1) and con
verted to mass units (mg N) to calculate nitrogen excretion. In the re
sults, data of postprandial N-TAN excretion are presented as total 
nitrogen produced (mg N-TAN) divided by fish biomass (kg) and time 
(h) (García García et al., 2011). 

2.8. Statistical analysis 

The data were verified to meet the assumptions of normality and 
homogeneity of variances through the test of Kolmogorov–Smirnov and 

Table 3 
Proximate composition (% DM) of the experimental diets included in the tested raw materials for greater amberjack.  

Raw materials Reference diet Experimental diets 

FM PH FS SPC HWP PP BP BY BYF LS 

Nutrient (% DM)            
Dry matter 90.5 90.4 91.6 68.4 86.8 91.3 91.5 91.4 91.5 90.9 92.9 
Ash 10.5 11.8 8.6 7.6 9.0 7.5 8.2 9.7 8.9 8.7 28.4 
Crude protein 51.8 57.7 68.2 50.0 53.9 52.6 61.6 38.3 49.1 49.0 35.0 
Crude fat 13.6 12.7 4.1 13.2 13.4 10.3 11.9 10.0 8.7 12.6 9.3 
Carbohydrates 24.1 17.8 19.1 29.2 23.8 29.7 18.2 42.0 33.3 29.7 27.4 
Gross energy (MJ/kg DM) 22.9 22.3 22.6 23.2 22.1 22.9 23.0 22.4 22.6 23.1 17.6 

FM: Fishmeal; PH: Porcine haemoglobin; FS: Fermented soybean; SPC: Soybean protein concentrate; HWP: Hydrolysed wheat protein; PP: Potato protein; BP: Beet 
pulp; BY: Beer yeast without fat; BYF: Beer yeast with fat; LS: Lithothamnium seaweed. 
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Levene, respectively. Apparent digestibility coefficients of the raw ma
terials, results for turbidity, oil leakage, and DORIS-test of diets, gran
ulometry of fresh and dried faeces, and water N-TAN contents were 
submitted to one-way analysis of variance (ANOVA), with the experi
mental diet as the main effect. The Newman–Keuls test was used to 
assess specific differences among the different dietary treatments at a 
level of significance of p < 0.05 (Statgraphics, Statistical Graphics Sys
tem, Version Plus 5.1, Herndon, VA, USA). 

3. Results 

3.1. Apparent digestibility coefficients of nutrients in the raw materials 

The apparent digestibility coefficients of the nutrients and essential 
amino acids for the tested raw materials are shown in Table 4. The ADCs 
of dry matter (ADCDM) was the highest for PH (83.0%), FM (81.8%), and 
SPC (77.4%), with intermediate values for BYF (73.0%), whereas the 
lowest values were recorded for HWP (59.8%), BP (53.7%), and PP 
(48.3%) (p < 0.05). The ADCs of protein (ADCCP) changed consistently 
with ADCDM, i.e., the highest values were recorded for PH (88.4%), FM 
(84.3%), SPC (82.5%), and BYF (80.9%), whereas the lowest values 
were recorded for BY (70.8%), HWP (69.9%), PP (69.8%), and BP 
(55.8%) (p < 0.05). The ADCs of essential amino acids (ADCEAA) 
changed consistently with ADCDM and ADCCP, mainly being the highest 
for PH, FM, and SPC (p < 0.05). The ADCs of isoleucine was low in most 
raw materials with the exception of FM (71.3%) and BYF (68.6%) (p <
0.05). 

3.2. Physical characteristics of diets 

The FM inclusion was associated with the highest oil leakage of the 
diet, whereas BP to the lowest (0.18% vs. 0.11%; p < 0.05) (Table 5). No 
differences among the raw materials were detected regarding the ratio 
between small and large fractures of the diets, which were always below 
28.8% (p > 0.05) (Table 5). Regarding the water turbidity (Fig. 1), FS, 
HWP, BYF, and PH in the diets produced less turbidity after 15 min than 
BY (3.69 mg L1, 3.69 mg L-− 1, 3.69 mg L− − 1, and 3.63 mg L− 1 vs. 6.01 
mg L− 1; p < 0.05); after 30 min, BYF, HWP, and PH produced lower 
turbidity than BY (4.10 mg L− 1, 3.99 mg L− 1, and 3.93 mg L− 1 vs. 6.37 
mg L− 1; p < 0.05); after 45 min, PH produced lower turbidity than BP 
and BY (4.40 mg L− 1 vs. 8.27 mg L− 1 and 7.68 mg L− 1; p < 0.05); finally, 
after 60 min, PH produced lower turbidity than BY (5.54 mg L− 1 vs. 9.58 

mg L− 1; p < 0.05). 

3.3. Faecal particle size 

Regarding the volumetric analysis of fresh faeces (Table 6), fish fed 
the diet containing LS produced faeces of a smaller size than fish fed the 
diet with FS (1.54 mm vs. 1.65 mm; p < 0.05) within the large class 
(>1.2 mm) faeces. Fish fed diets including FS, BYF, and FM produced the 
lowest volume of faeces of fine-size class (≤0.5 mm) than the fish fed the 
other raw materials (64.1%, 61.6%, and 60.5% vs. 69.2% on average; p 
< 0.05); fish fed BY produced the lowest volume of faeces of middle-size 
class (0.6–1.2 mm) than the fish fed the diets containing LS and BYF 
(22.3% vs. 29.9% and 29.7%; p < 0.05); then, fish fed the diet with LS 
produced the lowest volume of faeces of large-size class compared to fish 
fed the diet with FM (1.53% vs. 14.2%; p < 0.05). 

As for dry faeces granulometry analysis (Table 7), fish fed diet BYF 
produced the highest rate of faeces between 1.0 mm and 1.2 mm 
(1.16%), while fish fed diet BY produced the lowest rate (0.34%); other 
raw materials produced intermediate values (0.56% on average; p <
0.05). Fish fed diets with FM and FS produced a higher rate of faeces 
between 0.8 mm and 1.0 mm compared to those fed diet containing 
HWP, PP, and BYF (13.3% and 12.8% vs. 5.23% on average; p < 0.05); 
fish fed diet LS produced a higher rate of faeces between 0.5 and 0.8 mm, 
compared to those fed diet FS (29.9% vs. 17.5%; p < 0.05); fish fed diet 
SPC produced a higher rate of faeces between 0.3 and 0.5 mm, compared 
to those fed diets LS and FS (30.6% vs. 22.4% and 20.2%; p < 0.05); fish 
fed the diet with FS produced a higher rate of faeces between 0.0 and 
0.3 mm, compared to those fed the diets with BP and SPC (49.0% vs. 
35.4% and 35.3%; p < 0.05). 

3.4. Nitrogen excretion 

No statistical differences were found in hourly postprandial nitrogen 
excretion in fish fed diets containing the tested raw materials (p > 0.05). 
On the whole (Fig. 2), the nitrogen excretion showed a peak between 2 
and 4 h after diet administration which then gradually decreased, 
although with a different pattern for fish fed the different raw materials. 
In details, fish fed the diet with LS showed the highest hourly N-TAN 
excretion rate at 4 h (49.3 mg N-NH4

+ × kgfish
− 1 × h) which decreased 

rapidly and was negligible after 12 h. Fish fed the diet with BY showed a 
peak of N-TAN excretion at 2 h (37.0 mg N-NH4

+ × kgfish
− 1 × h) which 

decreased drastically after 8 h and was negligible after 12 h. Fish fed the 

Table 4 
Apparent digestibility coefficients (ADC, %) of nutrients in the tested raw materials for greater amberjack.  

Raw materials FM PH FS SPC HWP PP BP BY BYF LS SEM 
Fish per treatment, n 20 20 20 20 20 20 20 20 20 20  
Tanks, n 5 5 5 5 5 5 5 5 5 5   

Nutrient (%) 
Dry matter 81.8d 83.0d 61.5bc 77.4d 59.8b 48.3a 53.7ab 64.4bc 73.0cd 66.3bc 3.07 
Crude protein 84.3d 88.4d 75.5bc 82.5cd 69.9b 69.8b 55.8a 70.8b 80.9cd – 2.07 
Crude fat 93.4 93.4 91.3 – 94.0 90.3 96.5 – 96.3 – 2.14  

Essential amino acids (%) 
Arginine 91.1c 86.2c 70.2abc 82.1bc 58.9a 61.3ab 54.5a 57.5a 73.9abc – 5.30 
Phenylalanine 76.7bc 86.4c 67.9b 72.4bc 70.8bc 63.0b 38.1a 35.6a 64.4b – 4.18 
Histidine 94.8d 90.4d 59.0bcd 83.0d 78.6d 33.5a 45.3ab 69.3cd 83.5d – 7.91 
Isoleucine 71.3c 29.1a 56.7bc 59.2bc 25.1a 27.5a 51.0b 49.1b 68.6bc – 4.48 
Leucine 80.1c 91.3d 57.9b 72.2c 65.4bc 69.7bc 42.8a 39.7a 78.0c – 3.45 
Lysine 91.3c 90.7c 67.9b 79.6bc 32.6a 63.8b 77.2bc 65.6b 70.4bc – 4.72 
Methionine 89.4 96.9 70.4 75.0 76.5 86.0 69.6 65.2 85.5 – 7.07 
Threonine 82.4d 82.3d 63.8bc 67.7c 44.2a 62.7bc 53.4b 64.5bc 64.5bc – 2.87 
Valine 75.9cd 84.6d 61.4ab 64.8bc 51.8a 56.9ab 49.2a 48.2a 73.5cd – 3.12 

FM: Fishmeal; PH: Porcine haemoglobin; FS: Fermented soybean; SPC: Soybean protein concentrate; HWP: Hydrolysed wheat protein; PP: Potato protein; BP: Beet 
pulp; BY: Beer yeast without fat; BYF: Beer yeast with fat; LS: Lithothamnium seaweed. SEM: standard error of the mean. Different superscript letters represent sig
nificant differences between means at a level of significance of p < 0.05. 
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diet containing BP showed a peak of N-TAN excretion at 8 h; along with 
fish fed diets with SPC and BYF, they showed the lowest values of 
maximum excretion of N-TAN (29.0, 27.4 and 26.5 mg N-NH4

+ × kgfish
− 1 

× h, respectively), which remained stable after 8 h. Moreover, fish fed 
the diet with FS maintained a low N-TAN excretion after 12 h. 

4. Discussion 

Since 2023, with the studies of Horstmann et al. (2023a, 2023b, 
2023c), a comprehensive assessment of yellowtail kingfish (Seriola 

lalandi) aquaculture in RAS has begun. To the best of our knowledge, 
there is currently no available literature on the evaluation of raw ma
terials digestibility, physical properties of aquafeed and faeces, and 
postprandial nitrogen excretion in greater amberjack (Seriola dumerili). 
The ten raw materials tested in this study were selected for their po
tential to lower the formulation costs, increase fish production as well as 
improve fish welfare and RAS efficiency, where the ingredient database 
of the greater amberjack land-based aquaculture industry is scarce. 
Consequently, this study could be considered as a first contribution for a 
comprehensive evaluation of these raw materials for this emerging 

Table 5 
Oil leakage (%) and DORIS value (% of fractures) of the experimental diets including the tested raw materials fed greater amberjack for 140-day trial.  

Raw materials FM PH FS SPC HWP PP BP BY BYF LS SEM 
Measurements, n 6 6 6 6 6 6 6 6 6 6  
Oil leakage (%) 0.18d 0.12ab 0.13abc 0.13abc 0.14abcd 0.15abcd 0.11a 0.16bcd 0.15abcd 0.17cd 0.02 
DORIS value 

(% of fractures) 28.0 28.3 26.9 27.3 28.8 28.4 27.5 27.3 27.1 27.2 0.20 

FM: Fishmeal; PH: Porcine haemoglobin; FS: Fermented soybean; SPC: Soybean protein concentrate; HWP: Hydrolysed wheat protein; PP: Potato protein; BP: Beet 
pulp; BY: Beer yeast without fat; BYF: Beer yeast with fat; LS: Lithothamnium seaweed. SEM: standard error of the mean. Different superscript letters represent sig
nificant differences between means at a level of significance of p < 0.05. 

Fig. 1. Effect of the experimental diets including the tested raw materials on the water turbidity measured every 15 min. Data are represented as means ± standard 
error of the mean. Different letters above bars represent significant differences between means at a level of significance of p < 0.05 (n = 3 measurements at 0 min, 15 
min, 30 min, 45 min, 60 min per each experimental diet). 

Table 6 
Length (mm) and volume (%) of fine, middle and large classes of fresh faeces particles obtained from greater amberjack fed experimental diets including the tested raw 
materials.  

Raw materials FM PH FS SPC HWP PP BP BY BYF LS SEM 
Measurements, n 9 9 9 9 9 9 9 9 9 9  
Length (mm)            

Fine (≤0.5 mm) 0.20 0.24 0.22 0.19 0.24 0.23 0.24 0.20 0.21 0.23 0.01 
Middle (0.6–1.2 mm) 0.85 0.77 0.83 0.87 0.81 0.86 0.87 0.83 0.87 0.85 0.01 
Large (>1.2 mm) 1.64ab 1.64ab 1.65b 1.61ab 1.62ab 1.59ab 1.59ab 1.57ab 1.63ab 1.54a 0.01 

Volume (%)            
Fine (≤0.5 mm) 60.5a 69.5b 64.1a 70.6b 68.7b 68.9b 68.5b 69.7b 61.6a 68.6b 0.09 
Middle (0.6–1.2 mm) 25.3ab 25.7abc 29.6bc 25.8abc 25.7abc 27.4bc 26.1abc 22.3a 29.7c 29.9c 0.11 
Large (>1.2 mm) 14.2d 4.80abc 6.37bc 3.60ab 5.63abc 3.67ab 5.40abc 8.00bc 8.73c 1.53a 0.30 

FM: Fishmeal; PH: Porcine haemoglobin; FS: Fermented soybean; SPC: Soybean protein concentrate; HWP: Hydrolysed wheat protein; PP: Potato protein; BP: Beet 
pulp; BY: Beer yeast without fat; BYF: Beer yeast with fat; LS: Lithothamnium seaweed. SEM: standard error of the mean. Different superscript letters represent sig
nificant differences between means at a level of significance of p < 0.05. 
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species in a RAS system. 
The results have confirmed the highest nutritional value of animal- 

based raw materials, i.e. porcine haemoglobin and fishmeal, in marine 
carnivorous fish such as the greater amberjack (Buddington et al., 1997). 
However, the same raw materials could exhibit significant variability in 
their proximate composition and digestibility due to multiple de
terminants, e.g. their origin and freshness, the processing techniques, 
and the storage conditions besides the method of faeces collection 
(Hoerterer et al., 2022; Tomás-Vidal et al., 2019; Windell et al., 1978). 
Under the condition of the present study, porcine haemoglobin showed 
higher ADCDM (83.0%) and ADCCP (88.4%) than those found by Dam 
et al. (2019) for yellowtail kingfish (Seriola lalandi) (+26.9% and +
74.7%, respectively). The ADCCP reported for other carnivorous fish 
species showed that blood-based raw materials from terrestrial animal 
had up to 100% digestibility (Booth et al., 2013a, 2013b; Bureau et al., 
1999; Chi et al., 2017). On the other hand, an excessive heat during the 
rendering process of porcine haemoglobin can damage amino acids and 
induce covalent cross-linking proteins which, in turn, reduce its di
gestibility (Cho et al., 1982). 

As regards fishmeal, compared to the present results, a similar value 
of ADCDM was found by Tomás-Vidal et al. (2019) on greater amberjack, 
whereas a higher value of ADCCP (+8.3%) was reported. Other studies 
on yellowtail kingfish showed fluctuating values of ADCDM and ADCCP 
(Dam et al., 2019; Masumoto et al., 1996). This trend could be related to 

the intrinsic characteristics of fishmeal (e.g. contents of highly digestible 
protein, balanced essential amino acids, essential fatty acids, phospho
lipids, cholesterol, minerals, and vitamins) (Tacon and Metian, 2009). In 
fact, ADCCP values for fishmeal recorded in different carnivorous fish 
species can show considerable variability (51% to 100%) (Hoerterer 
et al., 2022). 

As for the plant raw materials, soybean protein concentrate and beer 
yeast with fat showed ADCs values compared to those recorded for 
porcine haemoglobin and fishmeal, whereas fermented soybean showed 
intermediate values. 

As for the ADCs of soybean protein concentrate, slightly lower values 
of ADCDM and ADCCP than those founded in this study (− 29.1% and −
11.3%, respectively) were found in greater amberjack fed diets con
taining up to 50% soybean meal (Tomás-Vidal et al., 2019), whereas 
similar values were found when yellowtail kingfish were fed diets con
taining up to 40% soybean meal (Masumoto et al., 1996; Watanabe 
et al., 1992). Regarding the ADCs of beer yeast containing fat, to the best 
of our knowledge, there is no literature concerning its inclusion in diets 
of yellowtail species, but Estévez et al. (2021, 2022) reported a high 
nutritional value of this ingredient both in gilthead seabream (Sparus 
aurata) (ADCCP: 94%) and in rainbow trout (Oncorhynchus mykiss) 
(ADCCP: 86%) fed diets including 20% of beer yeast. On the other side, 
the present study reported lower ADCs for beer yeast without fat 
compared to the aforementioned one containing fat (− 11.8% of ADCDM 

Table 7 
Percentage (%) of dried faeces retained from different sieve mesh sizes (mm) and obtained from greater amberjack fed experimental diets including the tested raw 
materials for 140-day trial.  

Raw materials FM PH FS SPC HWP PP BP BY BYF LS SEM 
Measurements, n 18 18 18 18 18 18 18 18 18 18  
Retained faeces (%)            

Sieve mesh interval (mm)            
>1.2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1.2–1.0 0.78ab 0.41ab 0.54ab 0.51ab 0.51ab 0.65ab 0.65ab 0.34a 1.16b 0.48ab 0.10 
1.0–0.8 13.3c 10.4bc 12.8c 8.00ab 5.99a 5.12a 10.5b 10.4b 4.59a 8.87abc 0.32 
0.8–0.5 20.8b 26.9c 17.5a 25.7c 26.3c 27.9cd 24.8c 27.1c 25.3c 29.9d 0.23 
0.5–0.3 26.0ab 22.7ab 20.2a 30.6c 25.9ab 28.1b 28.6b 24.2ab 24.8ab 22.4a 0.20 
0.3–0.0 39.1ab 38.6ab 49.0d 35.3a 41.2b 38.2ab 35.4a 38.0ab 44.2c 38.4ab 0.21 

FM: Fishmeal; PH: Porcine haemoglobin; FS: Fermented soybean; SPC: Soybean protein concentrate; HWP: Hydrolysed wheat protein; PP: Potato protein; BP: Beet 
pulp; BY: Beer yeast without fat; BYF: Beer yeast with fat; LS: Lithothamnium seaweed. SEM: standard error of the mean. Different superscript letters represent sig
nificant differences between means at a level of significance of p < 0.05. 

Fig. 2. Evolution of Total Ammonia Nitrogen (N-TAN) excretion (mg N-NH4
+ /kgfish × h) during 24 h after feeding the experimental diets including the tested raw 

materials to greater amberjack. Data are represented as means ± standard error of the mean (n = 10 measurements at 0 h, 2 h, 4 h, 6 h, 8 h, 12 h, 24 h per each 
experimental diet). 
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and − 12.5% of ADCCP). Consistently, Sen et al. (2019) reported a low 
body weight and daily weight gain and a high FCR for Asian seabass 
(Lates calcarifer) after 60 days of feeding a diet including 47% beer yeast 
with 1.7% fat compared to a fishmeal-based control diet. In fact, beer 
yeast likely contains compounds (e.g. high levels of nucleic acids) which 
utilization requires a high metabolic cost that could compromise fish 
growth performance (Schulz and Oslage, 1976). As for hydrolysed wheat 
protein, although a low nutritional value was found in this study, other 
studies showed a higher ADCCP (i.e. +29.2% for rainbow trout and +
25.3% for Atlantic salmon, Salmo salar) using diets including up to 50% 
of hydrolysed wheat products (Storebakken et al., 2000, 2015). 
Compared to our results, a higher ADCCP (+24.5%) was also reported by 
Tomás-Vidal et al. (2019) for greater amberjack fed diets containing 
30% of wheat gluten meal, where differences between studies could be 
related to the intrinsic characteristics of the used wheat protein as well 
as differences in the hydrolysis process of plant proteins which affects 
the physical characteristics of the proteins (McCarthy et al., 2013). The 
low nutritional value of potato protein found in the present study was 
consistent with previous in vitro data (Takakuwa et al., 2020) for greater 
amberjack. In fact, potatoes contain glycoalkaloids (e.g. α-solanine and 
α-chaconine) which are toxic and induce gastrointestinal and neuro
logical disorders (Izawa et al., 2010). Available literature shows great 
variability of diet digestibility and fish growth performance depending 
on the content of glycoalkaloids in potatoes, the feed formulation, and 
the fish size (Moyano et al., 1992; Tusche et al., 2013). Finally, as for 
beet pulp, no information is available in literature for greater amberjack 
and the only study performed on a fish species (common carp, Cyprinus 
carpio) confirmed the unfavourable results of this trial (Al-Shammaa 
et al., 2008). 

The nutritional value of the different raw materials is related to the 
production of suspended solids in faeces which in turn affect the waste 
management in a RAS (Unger and Brinker, 2013), where large faecal 
particles are more effectively removed by mechanical filtration (Brinker, 
2009; Unger and Brinker, 2013). Thus, a highly digestible raw material, 
such as fishmeal, is expected to be optimal in terms of faecal length, 
volume, and particle size (Schumann and Brinker, 2020; Welker et al., 
2020a, 2021). Then, despite being less digestible compared to fish meal, 
some plant-based raw materials are also related with the production of 
faeces with optimal characteristics for a RAS (Schumann and Brinker, 
2020). Under our conditions, for example, the good particle size of 
faeces in fish fed diets based on fermented soybean could be related to 
some of its anti-nutritional factors (e.g. protease inhibitors, phytic acid, 
oligosaccharides) likely working as faecal binders (Brinker, 2007). 
Nevertheless, as confirmed in the present trial, raw materials of plant 
origin should be prudently introduced into the diets of carnivorous fish 
as they could reduce nutrient digestibility and cause gastrointestinal 
diseases that decrease faecal physical quality and promotes water 
quality deterioration (Welker et al., 2020a, 2020b). 

In fact, a low quality of faeces produced with commercial diets in 
yellowtail kingfish has been described by Horstmann et al. (2023a, 
2023b) as “diarrhoea-like” faeces, with poor integrity and instable 
consistency. In the present study, in fact, the volume of small particles in 
faeces was high (67.1%, on average of all raw materials), which calls for 
adjustments in feed formulation to improve this aspect (Horstmann 
et al., 2023a, 2023b, 2023c). 

Then, it is important to evaluate the physical properties of the pellet 
of diets as affected by the inclusion of the different raw materials 
because diets for RAS systems should guarantee efficient handling, 
storage, and management (Funk et al., 2019). Although nowadays the 
most advanced and profitable technique for aquafeed production is 
extrusion, soft pellets are well accepted by yellowtail species, particu
larly at low environmental temperatures, making them an alternative to 
daily-use extruded pellets (García-Gómez, 2000; Sapra et al., 2020; 
Watanabe et al., 1991). In these pellets, a low oil leakage is favourable to 
preserve the diet nutritional quality and prevent the pellet deterioration 
in the RAS tubes and biological filters (Chaabani et al., 2020). Among 

the other raw materials, beet pulp showed favourable effects on the oil 
leakage, which could be explained by its high content of non-starch 
polysaccharides, besides the low-fat content (Crandell et al., 1999). 

Then, wheat protein along with fermented soybean and beer yeast 
containing fat produced the lower turbidity in water after 15 min from 
feed administration, and this could be related to the inherent presence of 
oils and binding factors (i.e. antinutritional factors) that could have 
improved the adhesiveness of the meal and the binding with other in
gredients of the experimental diet (Adhikari et al., 2018; Piazza and 
Garcia, 2010, 2016; Zettl et al., 2019). Assuming that uneaten feed in 
RAS is usually siphoned, filtered, and eliminated from the system within 
one hour (Dalsgaard et al., 2013), the first few minutes after feeding are 
crucial in determining the water stability, floating properties, disinte
gration tendencies and leaching of nutrients in the diet pellets, and thus 
the overall efficiency of the farming system (Becke et al., 2020). 

Finally, by carefully evaluating the raw materials introduced into the 
aquafeed formulation, it is also possible to reduce postprandial nitrogen 
excretion, as this increases when the fish ingest low-quality proteins (i.e. 
with an unbalanced amino acid profile) (Lazzari and Baldisserotto, 
2008; Ruchimat et al., 1997). In the present study, although without 
significant differences due to the high variability between measure
ments (consistently with Brett and Zala, 1975; Dosdat et al., 1996; Engin 
et al., 2013), a single peak in nitrogen excretion was detected between 2 
and 4 h after feeding for each raw material, according to the observa
tions of Ruchimat et al. (1997) in Japanese yellowtail fed with different 
ration of a fishmeal-based diet. Overall, the raw materials that showed 
the most unfavourable N-TAN excretion in this study were beet pulp and 
Lithothamnium seaweed and this result could be explained by their low 
digestibility and utilization, especially reported when these types of raw 
materials are included in diet in relatively high percentages (i.e. 30%) 
(Glencross, 2009). Furthermore, their content of low-quality proteins is 
reported to cause transamination and deamination of the amino acids 
ingested with the diet and a subsequent increase of excretion of nitrogen 
products and decrease in growth rates and nutrient retention (Bermudes 
et al., 2010; Lindwall and Frisk, 2013). Nevertheless, differences be
tween diets were not significant, where wide variations in timing, 
number, and magnitude of N-TAN excretion peaks have been reported 
also in other aquaculture species, due to different physiology traits, in
testinal transit time, feeding frequencies and formulation, and stress 
levels (Brett and Zala, 1975; Engin et al., 2013; Nerici et al., 2012; 
Kaushik et al., 1983; Ramnarine et al., 1987). Thus, the identification of 
the optimal quantity and quality of protein in the raw materials is 
important to achieve the maximum growth and welfare of the farmed 
fish with cost-effective and environmentally-friendly commercial diets 
(Güroy et al., 2011). 

In other words, to optimise diet formulation for greater amberjack 
aquaculture in RAS systems, it is crucial to prioritise raw materials of 
animal origin, such as porcine haemoglobin and fishmeal, due to their 
superior nutritional profiles for this fish. On the other hand, their origin, 
processing methods, and storage conditions can affect feed efficiency 
and digestibility. Selected raw materials should guarantee balanced 
protein compositions for optimal digestibility and growth besides 
environmental sustainability of RAS farmed greater amberjack by min
imising waste production and postprandial nitrogen excretion. 

5. Conclusion 

This study aimed to understand the potential of utilization of ten 
market-consistent raw materials to be included in aquafeed for greater 
amberjack reared in RAS, in view of enhanced efficiency and cost- 
effectiveness of its aquaculture production. Under the tested scenario, 
dry matter, protein and amino acids digestibility coefficients were high 
for porcine haemoglobin, fishmeal, soybean protein concentrate, and 
beer yeast containing fat, while lipid digestibility was satisfactory for all 
raw materials. The inclusion of the different raw materials did not affect 
the structural integrity of the aquafeed, while beet pulp was effective for 
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reducing oil leakage of diet pellets compared to the other raw materials. 
Then, fermented soybean and fishmeal induced the production of larger 
faeces particles, which are considered beneficial for an effective waste 
management in a RAS. An insightful assessment of more raw materials, 
covering both their nutritional qualities and the physical characteristics 
of the diets, along with their influence on faecal matter and nitrogen 
waste production, is imperative for developing an aquafeed formulation 
tailored to sustainable and resource-efficient RAS for an emerging spe
cies such as greater amberjack. 

Authors' contributions 

A.T.V., S.M.L., A.T. and M.J.C. conceived, designed and supervised 
the experiment. A.T.V. and M.J.C. acquired the financial support for the 
project. C.F. and M.C.M.S. performed the trial, collected the experi
mental data, collected and prepared samples for chemical analysis. C.F. 
and A.T. performed the statistical analyses, analysed and interpreted the 
data; C.F. and A.T. wrote the first draft of the manuscript. All authors 
critically reviewed the manuscript for intellectual content and gave final 
approval of the version to be published. 

CRediT authorship contribution statement 

Cecilia Fanizza: Writing – review & editing, Writing – original draft, 
Methodology, Investigation, Formal analysis, Data curation. Maria 
Consolación Milián-Sorribes: Writing – review & editing, Writing – 
original draft, Methodology, Investigation. Miguel Jover-Cerdá: 
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of greater amberjack (Seriola dumerili) fed extruded diets containing different levels 
of protein and lipid. Aquaculture 179, 25–33. https://doi.org/10.1016/S0044-8486 
(99)00149-0. 

Kaushik, S.J., Dabrowski, K., Blanc, D., 1983. Nitrogen and energy utilization in juvenile 
carp (Cyprinus carpio) fed casein, amino acids or a protein-free diet. Reprod. Nutr. 
23, 741–754. Retrieved from: https://rnd.edpsciences.org/articles/rnd/pdf/1983 
/05/RND_0181-1916_1983_23_4_ART0007.pdf. (Accessed 31 August 2023). 

Lazzari, R., Baldisserotto, B., 2008. Nitrogen and phosphorus waste in fish farming. In: 
Boletim do Instituto de Pesca, 34, pp. 591–600. Retriever from. https://institutodepe 
sca.org/index.php/bip/article/view/831/814. (Accessed 12 August 2023). 

Lindwall, G., Frisk, K., 2013. The effect of nitrogen on the coarsening rate of precipitate 
phases in iron-based alloys with chromium and vanadium: experimental and 

theoretical investigations. IJMR 104, 442–451. https://doi.org/10.3139/ 
146.110885. 

Masumoto, T., Ruchimat, T., Ito, Y., Hosokawa, H., Shimeno, S., 1996. Amino acid 
availability values for several protein sources for yellowtail (Seriola quinqueradiata). 
Aquaculture 146, 109–119. https://doi.org/10.1016/S0044-8486(96)01364-6. 
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