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ABSTRACT

ABSTRACT

The present PhD thesis investigated the potential of different ingredients to optimise the
formulation of tailored aquafeeds for marine and freshwater recirculating aquaculture systems (RAS).
Adopting a comprehensive approach, this thesis evaluated raw material characteristics, diet
digestibility, feed and waste physical properties, fish growth performance and health, fillet quality,
and the economic feasibility of feed formulations. The findings were summarised in a general
discussion, which employed a SWOT analysis to critically assess the strengths, weaknesses,
opportunities, and threats associated with the ingredient categories used in the tested dietary
formulations.

The first contribution aimed at evaluating raw material digestibility, physical characteristics
of diet pellets and faeces, and postprandial nitrogen excretion in greater amberjack (Seriola dumerili)
reared in RAS and fed 10 diets obtained by mixing a reference diet (crude protein: 52% on dry matter
basis, DM; ether extract: 14% DM) with one of ten raw materials (7:3 ratio), i.e. fishmeal, porcine
haemoglobin, fermented soybean, soybean protein concentrate, hydrolysed wheat protein, potato
protein, beet pulp, brewer’s yeast without fat, brewer’s yeast with fat, and Lithothamnium seaweed.
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 x
5 tanks for two feeding rounds (10 ingredients, 2 weeks per diet per tank). The highest apparent
digestibility coefficients (ADCs) of dry matter and protein were recorded for porcine haemoglobin
(83.0% and 88.4%, respectively), fishmeal (81.8% and 84.3%), soybean protein concentrate (77.4%
and 82.5%), and brewer’s yeast with fat (73.0% and 80.9%) while the lowest ones for brewer’s yeast
without fat (64.4% and 70.8%), hydrolysed wheat protein (59.8% and 69.9%), potato protein (48.3%
and 69.8%), and beet pulp (53.7% and 55.8%) (p < 0.05). The ADCs of essential amino acids were
the highest for porcine haemoglobin, fishmeal and soybean protein concentrate compared to the other
raw materials; the ADCs of lipids were above 90% for all raw materials (p > 0.05). Regarding pellets
properties, fishmeal was associated with the highest value for oil leakage, whereas beet pulp to the
lowest (0.18% vs. 0.11%; p < 0.05); Fermented soybean, hydrolysed wheat protein, brewer’s yeast
with fat, and porcine haemoglobin produced less turbidity in water after 15 min than brewer’s yeast
without fat (3.68 mg L™ on average vs. 6.01 mg L™!; p < 0.05). Regarding faeces size, fish fed
fermented soybean, brewer’s yeast with fat, and fishmeal 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 brewer’s yeast with fat and the lowest rate by those fed brewer’s yeast without fat (1.16% vs.
0.34%; p < 0.05). A maximum of postprandial nitrogen excretion (mg N-NH4* x kgsh ' X 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
optimised and tailored for this promising Mediterranean aquaculture species.

The second contribution evaluated strategies for optimising waste management in RAS by
distributing 1020 rainbow trout (Oncorhynchus mykiss; 17.2 +7.50 g) into 12 tanks after 21 days
of acclimation and fed during 84 days with four practical diets (crude protein: 49% DM; ether extract:
26% DM; gross energy: 23 MJ kg™ ') containing different rates of fishmeal and alternative protein
meals, ie. Diet FM (307 gkg ' fishmeal, 61.2 gkg" poultry by-product meal); diet PBM
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(183 g kg'! fishmeal, 168 gkg ! poultry by-product meal); diet FeM (198 g kg ! fishmeal,
61.2 gkg ' poultry by-product meal, 76.5 g kg ! hydrolysed feather meal); diet FeM+RM
(171 g kg ! fishmeal, 61.2 gkg ! poultry by-product meal, 76.5 g kg ! hydrolysed feather meal,
60.4 g kg ! rapeseed meal). High structural integrity of extruded pellets and low oil leakage were
measured in all diets, while the lowest water turbidity at 15 min after feed administration was
recorded for FeM diet (2.7 vs. 12.7 mg L™!; p < 0.05). Diets did not affect fish specific growth rate
(2.16% d!). The lowest apparent digestibility of protein was measured with diet FeM (79.6%) and
the highest with diet PBM (86.0%) (p < 0.001); apparent digestibility of lipids was higher in fish fed
diets FM and PBM than the other diets (84.4% and 85.5% vs. 66.4% vs. 71.1%; p < 0.001). Fish fed
diet PBM showed a higher percentage of retained faeces at mesh sizes 0.5-0.8 mm (33% vs. 30%;
p <0.01) and 0.3-0.5 mm (64% vs. 59%; p < 0.001) compared with the other diets. The replacement
of fishmeal with poultry by-product- meal had positive effects on nutrient digestibility and faecal
particle size. The replacement with hydrolysed feathers and rapeseed meals impaired nutrient
digestibility but had positive implications for water turbidity.

The third contribution aimed to test the effects of different dietary inclusion levels of
fishmeal (F) and blends of poultry processed protein meals (P), i.e. poultry by-product meal,
hydrolysed feather meal, dry-blood meal in African catfish (Clarias gariepinus) reared in RAS. Fish
were fed during 84 days with four practical diets (crude protein: 43% DM, ether extract: 12% DM,;
gross energy: 19 MJ kg '), i.e. diet HF-LP (F: 90 g kg '; P: 227 g kg '), diet MF-MP (F: 45 g kg !;
P: 280 g kg '), diet HF-HP (F: 90 g kg '; P: 315 gkg™ 1), and diet LF-HP (F: 10 gkg '; P: 392 gkg ™).
Fish fed diet LF-HP showed the lowest protein and lipid digestibility coefficients compared to fish
fed the other diets (82% and 92% vs. 84% and 94%, respectively; p < 0.05), and the worst
performance in terms of final body weight (551 g vs. 673 g), feed intake (247 g d”! vs. 301 g d ™),
condition factor (0.83 vs. 0.86), specific growth rate (2.69% d ' vs. 3.14% d'), and feed conversion
ratio (1.34 vs. 1.11) (p < 0.001). Fish fed diet MF-MP reported the highest survival rate compared to
other diets (96.8% vs. 94.5%; p < 0.001). Fish fed diets with the highest inclusion rates of poultry by-
product meal (140 g kg ! or 165 g kg™ ') and hydrolysed feather meal (125 g kg ! or 135 gkg ') were
associated with the lowest fillet yield (46.2% vs. 47.1%) respect to fish fed the other diets (p < 0.05).
In conclusion, a diet with 10 g kg™! of fishmeal and 392 g kg ' of a blend of poultry processed animal
proteins is not suitable to sustain the performance of African catfish, whereas a diet with a minimum
content of fishmeal at 45 g kg™! and a blend of poultry processed animal proteins at about 280 g kg
could be technically and economically attractive for the RAS farming of this species.

The SWOT analysis presented in this thesis has led to a decision-making framework,
developed through bibliometric analysis and structured as a prioritisation pyramid, which ranks
ingredient selection criteria for RAS aquafeeds. A comparison of the 2010s and early 2020s reveals
important shifts in these criteria. Water quality management has become more important, reflecting
a shift towards sustainable practices. There is also increased focus on securing sustainable ingredient
sources to align with environmental goals. Meanwhile, regulatory standards have stabilised, and the
importance of processing compatibility has decreased due to technological advancements. This
framework could be an initial guide for feed manufacturers to develop aquafeeds tailored to the
specific requirements of RAS, representing a crucial step toward a sustainable and resource-efficient
aquaculture industry.

Future research should extend the assessment of raw materials by investigating their
nutritional profiles and effects on pellet stability, faecal particle size, and nitrogen waste. These
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evaluations are essential to RAS feed formulations that are resource-efficient and sustainable,
especially for carnivorous species. In addition, comprehensive analyses of practical diets, considering
both nutritional and physical properties, are needed for effective waste management and cost
efficiency in salmonid RAS aquafeeds. Further study on the use of poultry processed proteins in
omnivorous diets will help balance ingredient costs and fish performance, improving RAS feed
scalability and sustainability.
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RIASSUNTO IN ITALIANO

RIASSUNTO IN ITALIANO

La presente tesi di dottorato ha esaminato il potenziale di diversi ingredienti per
I’ottimizzazione della formulazione di mangimi specilizzati per sistemi di acquacoltura a ricircolo
(RAS) marini e di acqua dolce. Adottando un approccio multidisciplinare, la tesi ha valutato le
caratteristiche delle materie prime, la digeribilita delle diete, le proprieta fisiche dei mangimi e dei
prodotti di scarto, la crescita e la salute dei pesci, la qualita del filetto e la fattibilita economica delle
formulazioni mangimistiche. I risultati sono stati riassunti in una discussione generale, che ha
utilizzato un'analisi SWOT per valutare criticamente i punti di forza, le debolezze, le opportunita e le
minacce associate alle categorie di ingredienti utilizzati nelle formulazioni dietetiche testate.

Il primo contributo ha avuto l'obiettivo di valutare la digeribilita delle materie prime, le
caratteristiche fisiche del mangime e delle feci, e 1'escrezione post-prandiale di azoto nella ricciola
mediterranea (Seriola dumerili) allevata in RAS e alimentata con 10 diete ottenute miscelando una
dieta di riferimento (proteina grezza: 52% su base di sostanza secca, ss; estratto etereo: 14% ss) con
una delle dieci materie prime (rapporto 7:3), ossia farina di pesce, emoglobina suina, soia fermentata,
concentrato proteico di soia, proteina idrolizzata di grano, proteina di patata, polpa di barbabietola,
lievito di birra senza grasso, lievito di birra con grasso, e alga Lithothamnium. Venti pesci (268,9 +
94,3 g) sono stati distribuiti casualmente in 5 vasche RAS (4 pesci per vasca) e alimentati per 140
giorni con le diete sperimentali. E stato utilizzato un disegno sperimentale a quadrato latino, basato
su 5 diete x 5 vasche per due cicli alimentari (10 ingredienti, 2 settimane per dieta per vasca). I pili
alti coefficienti di digeribilita apparente di materia secca e proteine sono stati registrati per
I’emoglobina suina (83,0% e 88,4%, rispettivamente), farina di pesce (81,8% e 84,3%), concentrato
proteico di soia (77,4% e 82,5%), e lievito di birra con grasso (73,0% e 80,9%), mentre i piu bassi
per il lievito di birra senza grasso (64,4% e 70,8%), proteina idrolizzata di grano (59,8% e 69,9%),
proteina di patata (48,3% e 69,8%) e polpa di barbabietola (53,7% e 55,8%) (p < 0,05). I coefficienti
di digeribilita apparente degli amminoacidi essenziali sono risultati pitt elevati per I’emoglobina
suina, farina di pesce e concentrato proteico di soia rispetto alle altre materie prime; i coefficienti di
digeribilita dei lipidi sono stati superiori al 90% per tutte le materie prime (p > 0,05). Per quanto
riguarda le proprieta dei pellet, la farina di pesce ¢ stata associata al valore piu alto di perdita di olio,
mentre la polpa di barbabietola al piu basso (0,18% vs. 0,11%; p < 0,05); soia fermentata, proteina
idrolizzata di grano, lievito di birra con grasso e emoglobina suina hanno prodotto meno torbidita in
acqua dopo 15 minuti rispetto al lievito di birra senza grasso (3,68 mg L™! in media vs. 6,01 mg L™;
p < 0,05). Per quanto riguarda la dimensione delle parcicelle fecali, 1 pesci alimentati con diete
contenenti soia fermentata, lievito di birra con grasso e farina di pesce hanno prodotto il volume pit
basso di feci fresche di classe fine rispetto a quelli alimentati con diete contenenti le altre materie
prime (62,1% vs. 69,2% in media; p < 0,05); la percentuale piu alta di feci secche trattenute con un
settaccio a maglia 1,0 < mm < 1,2 ¢ stata prodotta dai pesci alimentati con diete contenenti lievito di
birra con grasso, mentre la piu bassa dai pesci alimentati con diete contenenti lievito di birra senza
grasso (1,16% vs. 0,34%; p < 0,05). Un massimo di escrezione post-prandiale di azoto (mg N-NH4*
X Kgpesce | x h) & stato raggiunto tra le 2 e le 4 ore dopo l'ingestione del mangime, senza differenze
tra le diete (p > 0,05). Complessivamente, 1 risultati di questa indagine contribuiranno alla
formulazione sostenibile di mangimi per RAS, ottimizzati e personalizzati per questa promettente
specie di acquacoltura mediterranea.

v



RIASSUNTO IN ITALIANO

Il secondo contributo ha valutato strategie per ottimizzare la gestione dei rifiuti nei RAS,
distribuendo 1020 trote iridee (Oncorhynchus mykiss; 17,2 +£7,50 g) in 12 vasche dopo 21 giorni di
acclimatazione e alimentandole per 84 giorni con quattro diete pratiche (proteina grezza: 49% ss;
estratto etereo 26% ss; energia grezza: 23 MJ kg ') contenenti diverse percentuali di farina di pesce
e farine proteiche alternative, ossia Dieta FM (307 g kg ! farina di pesce, 61,2 g kg™! farina da
sottoprodotti di pollame); dieta PBM (183 g kg ™! farina di pesce, 168 g kg ! farina da sottoprodotti
di pollame); dieta FeM (198 g kg ™! farina di pesce, 61,2 g kg! farina da sottoprodotti di pollame,
76,5 g kg ! farina di piume idrolizzate); dieta FeM+RM (171 g kg™ farina di pesce, 61,2 g kg ! farina
da sottoprodotti di pollame, 76,5 g kg! farina di piume idrolizzate, 60,4 g kg™ ' farina di colza).
L’integrita strutturale dei pellet estrusi ¢ risultata alta e la perdita di olio bassa in tutti i mangimi,
mentre la piu bassa torbidita dell'acqua dopo 15 minuti dalla somministrazione del mangime ¢ stata
registrata per la dieta FeM (2,7 vs. 12,7 mg L™!; p < 0,05). Le diete non hanno influenzato il tasso di
crescita specifico dei pesci (2,16% d™'). La piti bassa digeribilitd apparente delle proteine & stata
registrata con la dieta FeM (79,6%) e la piu alta con la dieta PBM (86,0%) (p < 0,001); la digeribilita
apparente dei lipidi ¢ stata superiore nei pesci alimentati con le diete FM e PBM rispetto alle altre
diete (84,4% e 85,5% vs. 66,4% vs. 71,1%; p < 0,001). I pesci alimentati con la dieta PBM hanno
mostrato una maggiore percentuale di feci trattenute con setacci a maglie 0,5-0,8 mm (33% vs. 30%;
p <0,01) e 0,3-0,5 mm (64% vs. 59%; p < 0,001) rispetto alle altre diete. La sostituzione della farina
di pesce con farina da sottoprodotti di pollame ha avuto effetti positivi sulla digeribilita dei nutrienti
e sulla dimensione delle particelle fecali. La sostituzione della farina di pesce con farina di piume
idrolizzate e farina di colza ha compromesso la digeribilita dei nutrienti, ma ha avuto effetti positivi
sulla torbidita dell'acqua.

Il terzo contributo ha avuto I'obiettivo di testare gli effetti di diversi livelli di inclusione di
farina di pesce (F) e miscele di farine proteiche processate da pollame (P), ossia farina da sottoprodotti
di pollame, farina di piume idrolizzate, e farina di sangue secco, nel pesce gatto africano (Clarias
gariepinus) allevato in RAS. I pesci sono stati alimentati per 84 giorni con quattro diete pratiche
(proteina grezza: 43% ss; estratto etereo 12% ss; energia grezza: 19 MJ kg™), ossia dieta HF-LP (F:
90 g kg !; P: 227 g kg 1), dieta MF-MP (F: 45 g kg '; P: 280 g kg '), dieta HF-HP (F: 90 g kg !; P:
315 gkg 1), e dieta LF-HP (F: 10 g kg '; P: 392 g kg !). I pesci alimentati con la dieta LF-HP hanno
mostrato i piu bassi coefficienti di digeribilita delle proteine e dei lipidi rispetto ai pesci alimentati
con le altre diete (82% € 92% vs. 84% e 94%, rispettivamente; p < 0,05) e le peggiori performance in
termini di peso finale (551 g vs. 673 g), assunzione di mangime (247 g d™! vs. 301 g d!), fattore di
condizione (0,83 vs. 0,86), tasso di crescita specifico (2,69% d!' vs. 3,14% d'), e indice di
conversione alimentare (1,34 vs. 1,11) (p < 0,001). I pesci alimentati con la dieta MF-MP hanno
riportato il tasso di sopravvivenza piu alto rispetto alle altre diete (96,8% vs. 94,5%; p < 0,001). I
pesci alimentati con le diete con 1 piu alti tassi di inclusione di farina da sottoprodotti di pollame (140
g kg™ 0165 gkg™') e farina di piume idrolizzate (125 g kg™' 0 135 g kg™') sono stati associati al piu
basso rendimento in filetto (46,2% vs. 47,1%) rispetto ai pesci alimentati con le altre diete (p < 0,05).
In conclusione, una dieta formulata con 10 g kg™' di farina di pesce e 392 g kg™' di una miscela di
farine proteiche da pollame non ¢ adatta a sostenere le performance del pesce gatto africano, mentre
una dieta con un contenuto minimo di farina di pesce pari a 45 g kg”' e una miscela di proteine
processate da pollame pari a circa 280 g kg™! potrebbe risultare tecnicamente ed economicamente
interessante per I’allevamento di questa specie in RAS.



RIASSUNTO IN ITALIANO

L'analisi SWOT presentata in questa tesi ha condotto a un quadro decisionale, sviluppato
attraverso un'analisi bibliometrica e strutturato come una piramide di priorita che classifica i criteri
di selezione degli ingredienti per la formulazione di mangimi per RAS. Il confronto tra gli anni 2010
e I'inizio degli anni 2020 ha rivelato importanti cambiamenti in questi criteri. La gestione della qualita
dell'acqua ¢ diventata pit importante, riflettendo un cambiamento verso pratiche sostenibili. Si
osserva anche un rafforzamento dell'attenzione verso la sicurezza delle fonti di ingredienti sostenibili,
in linea con gli obiettivi ambientali. Nel frattempo, gli standard normativi si sono stabilizzati e
I'importanza della compatibilita del processo ¢ diminuita grazie ai progressi tecnologici. Questo
framework potrebbe essere una guida iniziale per i produttori di mangimi nello sviluppo di mangimi
su misura per le esigenze specifiche dei RAS, rappresentando un passo cruciale verso un'industria
acquacolturale sostenibile ed efficiente in termini di risorse.

Le ricerche future dovrebbero estendere la valutazione delle materie prime, studiando i loro
profili nutrizionali e gli effetti sulla stabilita in acqua dei pellet, sulla dimensione delle particelle fecali
e sui potenziali rifiuti azotati. Queste valutazioni sono fondamentali per formulare mangimi per RAS
che siano sostenibili ed efficienti in termini di risorse, in particolare per specie ittiche carnivore.
Inoltre, sono necessarie analisi complete per le diete commerciali, considerando sia le proprieta
nutrizionali che fisiche, al fine di garantire una gestione efficace dei prodotti di scarto e ottimizzare
l'efficienza economica dei mangimi per salmonidi allevati in RAS. Ulteriori studi sull’utilizzo di
farine proteiche da proteine processate da pollame nelle diete per specie ittiche onnivore
contribuiranno a bilanciare i1 costi degli ingredienti e migliorare le performance dei pesci,
promuovendo la scalabilita e la sostenibilita dei mangimi per RAS.
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La presente tesis doctoral examina el potencial de diversos ingredientes para la optimizacion
de la formulacién de piensos especificos para sistemas de acuicultura en recirculacion (RAS) marinos
y de agua dulce. Adoptando un enfoque multidisciplinario, la tesis evalud las caracteristicas de las
materias primas, la digestibilidad de las dietas, las propiedades fisicas de los piensos y los productos
de desecho, el crecimiento y la salud de los peces, la calidad del filete y la viabilidad econémica de
las formulaciones de piensos. Los resultados se resumieron en una discusion general, que utilizé un
andlisis SWOT para evaluar criticamente las fortalezas, debilidades, oportunidades y amenazas
asociadas a las categorias de ingredientes utilizados en las formulaciones dietéticas probadas.

El primer estudio tuvo como objetivo evaluar la digestibilidad de las materias primas, las
caracteristicas fisicas del pienso y de las particulas fecales, asi como la excrecidon postprandial de
nitrégeno en la seriola mediterrdnea (Seriola dumerili) criado en RAS y alimentado con 10 dietas
obtenidas mezclando una dieta de referencia (proteina bruta: 52% en materia seca, ms; extracto
etéreo: 14% ms) con una de las diez materias primas (proporcién 7:3), es decir, harina de pescado,
hemoglobina porcina, soja fermentada, concentrado proteico de soja, proteina hidrolizada de trigo,
proteina de patata, pulpa de remolacha, levadura de cerveza sin grasa, levadura de cerveza con grasa
y alga Lithothamnium. Veinte peces (268,9 + 94,3 g) fueron distribuidos aleatoriamente en 5 tanques
RAS (4 peces por tanque) y alimentados durante 140 dias con los piensos experimentales. Se utiliz6
un disefio experimental en cuadrado latino, basado en 5 dietas x 5 tanques durante dos ciclos
alimentarios (10 ingredientes, 2 semanas por dieta por tanque). Los coeficientes mds altos de
digestibilidad aparente de materia seca y proteinas se registraron para la hemoglobina porcina (83,0%
y 88,4%, respectivamente), la harina de pescado (81,8% y 84,3%), el concentrado proteico de soja
(77,4% y 82,5%) y la levadura de cerveza con grasa (73,0% y 80,9%), mientras que los mds bajos
fueron para la levadura de cerveza sin grasa (64,4% y 70,8%), la proteina hidrolizada de trigo (59,8%
y 69,9%), la proteina de patata (48,3% y 69,8%) y la pulpa de remolacha (53,7% y 55,8%) (p < 0,05).
Los coeficientes de digestibilidad aparente de los aminodcidos esenciales fueron mds altos para la
hemoglobina porcina, la harina de pescado y el concentrado proteico de soja en comparacion con las
demads materias primas; los coeficientes de digestibilidad de los lipidos fueron superiores al 90% para
todas las materias primas (p > 0,05). En cuanto a las propiedades de los pellets, la harina de pescado
estuvo asociada con el valor més alto de pérdida de aceite, mientras que la pulpa de remolacha tuvo
el mas bajo (0,18% vs. 0,11%; p < 0,05); soja fermentada, proteina hidrolizada de trigo, levadura de
cerveza con grasa y hemoglobina porcina produjeron menos turbidez en el agua después de 15
minutos en comparacién con la levadura de cerveza sin grasa (3,68 mg L™! en promedio vs. 6,01 mg
L% p < 0,05). En cuanto al tamafio de las particulas fecales, los peces alimentados con con dietas
que contenian soja fermentada, levadura de cerveza con grasa y harina de pescado produjeron menor
volumen de heces frescas de clase fina en comparacion con los alimentados con dietas que contenian
otras materias primas (62,1% vs. 69,2% en promedio; p < 0,05); el porcentaje més alto de heces secas
retenidas con un tamiz de malla 1,0 < mm < 1,2 fue producido por los peces alimentados con dietas
que contenian levadura de cerveza con grasa, mientras que el mas bajo por los peces alimentados con
dietas que contenian levadura de cerveza sin grasa (1,16% vs. 0,34%; p < 0,05). Se alcanz6 un
méximo de excrecién postprandial de nitrégeno (mg N-NH4* X Kgpeces | X h) entre las 2 y 4 horas
después de la ingestion del pienso, sin diferencias entre las dietas (p > 0,05). En general, los resultados
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de esta investigacion contribuirdn a la formulacidn sostenible de piensos para RAS, optimizados y
personalizados para esta prometedora especie de acuicultura mediterranea.

El segundo estudio evalué estrategias para optimizar la gestion de residuos en las RAS,
distribuyendo 1020 truchas arco iris (Oncorhynchus mykiss; 17,2 £ 7,50 g) en 12 tanques después de
21 dias de aclimatacién y alimentdndolas durante 84 dias con cuatro dietas practicas (proteina bruta:
49% ms; extracto etéreo 26% ms; energia bruta: 23 MJ kg ') que contenian diferentes porcentajes de
harina de pescado y harinas proteicas alternativas, es decir, Dieta FM (307 g kg™ ! harina de pescado,
61,2 g kg! harina de subproductos de pollo); dieta PBM (183 g kg ™! harina de pescado, 168 g kg™
harina de subproductos de pollo); dieta FeM (198 g kg™! harina de pescado, 61,2 g kg ! harina de
subproductos de pollo, 76,5 g kg™ ! harina de plumas hidrolizadas); dieta FeM+RM (171 g kg™ ! harina
de pescado, 61,2 g kg™! harina de subproductos de pollo, 76,5 g kg! harina de plumas hidrolizadas,
60,4 g kg ! harina de colza). Se observé una alta integridad estructural de los pellets extruidos y una
baja pérdida de aceite en todos los piensos, mientras que la dieta FeM mostré la turbidez més baja
del agua después de 15 minutos de la administracién del pienso (2,7 vs. 12,7 mg L™!; p < 0,05). Las
dietas no afectaron la tasa de crecimiento especifico de los peces (2,16% d'). La digestibilidad
aparente de las proteina mas baja se registr6 con la dieta FeM (79,6%) y la més alta con la dieta PBM
(86,0%) (p < 0,001); la digestibilidad aparente de los lipidos fue superior en los peces alimentados
con las dietas FM y PBM en comparacion con las otras dietas (84,4% y 85,5% vs. 66,4% y 71,1%; p
<0,001). Los peces alimentados con la dieta PBM mostraron un mayor porcentaje de heces retenidas
con tamices de mallas de 0,5-0,8 mm (33% vs. 30%; p < 0,01) y 0,3-0,5 mm (64% vs. 59%; p <
0,001) en comparacién con las otras dietas. La sustitucion de harina de pescado por harina de
subproductos de pollo tuvo efectos positivos sobre la digestibilidad de los nutrientes y el tamafio de
las particulas fecales. La sustitucion de harina de pescado por harina de plumas hidrolizadas y harina
de colza comprometié la digestibilidad de los nutrientes, pero tuvo efectos positivos sobre la turbidez
del agua.

El tercer estudio tuvo como objetivo probar los efectos de diferentes niveles de inclusion de
harina de pescado (F) y mezclas de harinas proteicas procesadas de subproductos avicolas (P), es
decir, harina de subproductos de pollo, harina de plumas hidrolizadas y harina de sangre seca, en el
pez gato africano (Clarias gariepinus) criado en RAS. Los peces fueron alimentados durante 84 dias
con cuatro dietas précticas (proteina bruta: 43% ms; extracto etéreo 12% ms; energia bruta: 19 MJ
kg™"), es decir, dieta HF-LP (F: 90 g kg '; P: 227 g kg '), dieta MF-MP (F: 45 g kg™ '; P: 280 g kg ™!),
dieta HF-HP (F: 90 g kg™'; P: 315 g kg'') y dieta LF-HP (F: 10 g kg™'; P: 392 g kg™'). Los peces
alimentados con la dieta LF-HP mostraron los coeficientes de digestibilidad mas bajos de las
proteinas y los lipidos en comparacion con los peces alimentados con las otras dietas (82% y 92% vs.
84% y 94%, respectivamente; p < 0,05) y las peores caracteristicas en términos de peso final (551 g
vs. 673 g), consumo de alimento (247 g d”! vs. 301 g d "), factor de condicién (0,83 vs. 0,86), tasa de
crecimiento especifico (2,69% d ™' vs. 3,14% d') e indice de conversién alimentaria (1,34 vs. 1,11)
(» <0,001). Los peces alimentados con la dieta MF-MP presentaron la tasa de supervivencia mas alta
en comparacion con las otras dietas (96,8% vs. 94,5%; p < 0,001). Los peces alimentados con las
dietas que contenfan mayores tasas de inclusién de harina de subproductos de pollo (140 g kg™' 0 165
g kg™!) y harina de plumas hidrolizadas (125 g kg™’ 0 135 g kg™') mostraron el rendimiento mds bajo
del filete (46,2% vs. 47,1%) frente a los peces alimentados con las otras dietas (p < 0,05). En
conclusién, una dieta formulada con 10 g kg™' de harina de pescado y 392 g kg™' de una mezcla de
harinas proteicas de subproductos avicolas no es adecuada para sostener el rendimiento del pez gato
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africano, mientras que una dieta con un contenido minimo de harina de pescado de 45 g kg! y una
mezcla de proteinas procesadas de subproductos avicolas de aproximadamente 280 g kg ! podria
resultar técnica y econdmicamente interesante para la cria de esta especie en RAS.

El analisis SWOT presentado en esta tesis ha conducido a un marco de toma de decisiones,
desarrollado mediante un andlisis bibliométrico y estructurado como una piramide de prioridades
que clasifica los criterios de seleccidon de ingredientes para la formulacién de piensos para RAS. La
comparacion entre la década de 2010 y principios de la de 2020 ha puesto de manifiesto cambios
significativos en estos criterios. La gestion de la calidad del agua ha adquirido mayor relevancia, lo
que indica una orientaciéon hacia précticas sostenibles. También se ha intensificado la atencidon en
garantizar fuentes de ingredientes sostenibles, en alineacién con los objetivos medioambientales.
Mientras tanto, las normativas se han estabilizado, y la importancia de la compatibilidad del proceso
ha disminuido debido a los avances tecnoldgicos. Este marco podria ser una guia inicial para los
productores de piensos en el desarrollo de piensos a medida para las necesidades especificas de los
RAS, representando un paso crucial hacia una industria acuicola sostenible y eficiente en términos de
recursos.

Las investigaciones futuras deberian ampliar la evaluacion de las materias primas, estudiando
sus perfiles nutricionales y los efectos sobre la estabilidad en el agua de los pellets, el tamafio de las
particulas fecales y los posibles residuos nitrogenados. Estas evaluaciones son fundamentales para
formular piensos RAS que sean sostenibles y eficientes en términos de recursos, especialmente para
especies carnivoras. Ademds, se requieren andlisis completos para las dietas comerciales,
considerando tanto las propiedades nutricionales como fisicas, con el fin de garantizar una gestion
eficaz de los productos de desecho y optimizar la eficiencia econémica de los piensos para salménidos
criados en RAS. Estudios adicionales sobre el uso de harinas proteicas de pollos procesados en dietas
para especies omnivoras contribuirdn a equilibrar los costos de los ingredientes y mejorar el
rendimiento de los peces, promoviendo la escalabilidad y la sostenibilidad de los piensos para RAS.
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La present tesi doctoral examina el potencial de diversos ingredients per a I'optimitzacié de la
formulacié de pinsos especialitzats per a sistemes d'aqiliicultura en recirculacié (RAS) tant marins
com d'aigua dol¢a. Mitjangant un enfocament multidisciplinari, la tesi ha avaluat les caracteristiques
de les materies primes, la digestibilitat de les dietes, les propietats fisiques dels pinsos i dels productes
de rebuig, el creixement i la salut dels peixos, la qualitat de la carn i la viabilitat economica de les
formulacions dels pinsos. Els resultats s'han resumit en una discussi6 general que utilitza una analisi
SWOT per avaluar de manera critica els punts forts, les debilitats, les oportunitats i les amenaces
associades a les categories d'ingredients utilitzats en les formulacions dietetiques provades.

El primer estudi es va centrar en ’avaluaci6 de la digestibilitat de les materies primes, les
caracteristiques fisiques del pinso i de les particules fecals, 1 I’excrecid postprandial de nitrogen en la
serviola mediterrania (Seriola dumerili) criada en RAS i alimentada amb 10 dietes obtingudes a partir
de la mescla d’una dieta de referéncia (proteina bruta: 52% sobre base de materia seca, ms; extracte
eteri: 14% ms) amb una de deu materies primes (proporcié 7:3): farina de peix, hemoglobina porcina,
soja fermentada, concentrat proteic de soja, proteina hidrolitzada de blat, proteina de creilla, polpa de
remolatxa, llevat de cervesa sense greix, llevat de cervesa amb greix i alga Lithothamnium. Es van
distribuir aleatoriament vint peixos (268,9 + 94,3 g) en cinc tancs RAS (quatre peixos per tanc) i es
van alimentar durant 140 dies amb les dietes experimentals. Es va utilitzar un disseny experimental
en quadrat llati basat en 5 dietes x 5 tancs per a dos cicles d'alimentacié (10 ingredients, 2 setmanes
per dieta per tanc). Els coeficients de digestibilitat aparent més alts de materia seca i proteina es van
registrar per la hemoglobina porcina (83,0% i 88,4%, respectivament), la farina de peix (81,8% i
84,3%), el concentrat proteic de soja (77,4% i 82,5%) i el llevat de cervesa amb greix (73,0% i
80,9%), mentre que els més baixos es van obtenir per el llevat de cervesa sense greix (64,4% 170,8%),
la proteina hidrolitzada de blat (59,8% i 69,9%), la proteina de creilla (48,3% 1 69,8%) i la polpa de
remolatxa (53,7% 1 55,8%) (p < 0,05). Els coeficients de digestibilitat aparent dels aminoacids
essencials van ser més elevats per la hemoglobina porcina, la farina de peix i el concentrat proteic de
soja en comparacié amb altres materies primes; els coeficients de digestibilitat dels lipids van superar
el 90% per a totes les materies primes (p > 0,05). Quant a les propietats dels pellets, la farina de peix
va estar associat amb la major perdua d’oli, mentre que la polpa de remolatxa va mostrar la més baixa
(0,18% vs. 0,11%; p < 0,05); soja fermentada, proteina hidrolitzada de blat, llevat de cervesa amb
greix i hemoglobina porcina van produir menys terbolesa a ’aigua després de 15 minuts en
comparacié amb el llevat de cervesa sense greix (3,68 mg L™! de mitjana vs. 6,01 mg L™!; p < 0,05).
Pel que fa a la grandaria de les particules fecals, els peixos alimentats amb dietes que contenien soja
fermentada, llevat de cervesa amb greix i farina de peix van produir el volum més baix de femta fresca
de classe fina en comparacié amb aquells alimentats amb dietes que contenen altres materies primes
(62,1% vs. 69,2% de mitjana; p < 0,05); el percentatge més alt de femta seca retinguda amb un tamis
de malla 1,0 < mm < 1,2 es va obtenir amb peixos alimentats amb dietes que contenien el llevat de
cervesa amb greix, mentre que el més baix amb aquells alimentats amb dietes que contenien el llevat
de cervesa sense greix (1,16% vs. 0,34%; p < 0,05). Un maxim d’excreci6é postprandial de nitrogen
(mg N-NH4" x kgpeix | x h) es va assolir entre 2 i 4 hores després de la ingestié del pinso, sense
diferéncies significatives entre les dietes (p > 0,05). Globalment, els resultats d’aquesta investigacio
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contribuiran a la formulaci6 sostenible de pinsos per a RAS optimitzats i personalitzats per a aquesta
prometedora especie d'aqiiicultura mediterrania.

El segon estudi va avaluar estrategies per optimitzar la gestié dels residus en RAS, distribuint
1020 truites irisades (Oncorhynchus mykiss; 17,2 = 7,50 g) en 12 tancs després de 21 dies
d’aclimatacié i alimentant-les durant 84 dies amb quatre dietes practiques (proteina bruta: 49% ms;
extracte eteri: 26% ms; energia bruta: 23 MJ kg !) que contenien diferents percentatges de farina de
peix i farines proteiques alternatives: dieta FM (307 g kg ! farina de peix, 61,2 g kg™! farina de
subproductes de pollastre); dieta PBM (183 g kg ! farina de peix, 168 g kg ! farina de subproductes
de pollastre); dieta FeM (198 g kg™ ! farina de peix, 61,2 g kg ! farina de subproductes de pollastre,
76,5 g kg ! farina de plomes hidrolitzades); dieta FeM+RM (171 g kg ' farina de peix, 61,2 g kg
farina de subproductes de pollastre, 76,5 g kg™ ! farina de plomes hidrolitzades, 60,4 g kg™ ! farina de
colza). Totes les dietes van mostrar una alta integritat estructural dels pellets extruits i una baixa
perdua d’oli, mentre que la menor terbolesa de I’aigua 15 minuts després de I’administracié del pinso
es va registrar amb la dieta FeM (2,7 vs. 12,7 mg L p < 0,05). Les dietes no van influir en la taxa
especifica de creixement dels peixos (2,16% d'). La digestibilitat aparent més baixa de les proteines
es va observar amb la dieta FeM (79,6%) i la més alta amb la dieta PBM (86,0%) (p < 0,001); la
digestibilitat aparent dels lipids va ser superior en els peixos alimentats amb les dietes FM i PBM en
comparacié amb les altres dietes (84,4% 185,5% vs. 66,4% 171,1%; p < 0,001). Els peixos alimentats
amb la dieta PBM van mostrar un percentatge més elevat de femta retinguda amb tamisos de malla
0,5-0,8 mm (33% vs. 30%; p < 0,01)10,3-0,5 mm (64% vs. 59%; p < 0,001) respecte a altres dietes.
La substituci6 de farina de peix per farina de subproductes de pollastre va tenir efectes positius sobre
la digestibilitat dels nutrients i la mida de les particules fecals. No obstant, la substitucié de farina de
peix per farina de plomes hidrolitzades i farina de colza va comprometre la digestibilitat dels
nutrients, perod va tenir efectes positius sobre la terbolesa de I'aigua.

El tercer estudi va tenir com a objectiu avaluar els efectes de diferents nivells d'inclusié de
farina de peix (F) i mescles de farines proteiques processades de pollastre (P), incloent farina de
subproductes de pollastre, farina de plomes hidrolitzades i farina de sang seca, en el bagre africa
(Clarias gariepinus) criat en RAS. Els peixos es van alimentar durant 84 dies amb quatre dietes
practiques (proteina bruta: 43% ms; extracte eteri: 12% ms; energia bruta: 19 MJ kg !): dieta HF-LP
(F: 90 g kg '; P: 227 g kg 1), dieta MF-MP (F: 45 g kg '; P: 280 g kg™ 1), dieta HF-HP (F: 90 g kg !;
P: 315 gkg™"), i dieta LF-HP (F: 10 g kg™ '; P: 392 g kg "). Els peixos alimentats amb la dieta LF-HP
van mostrar els coeficients de digestibilitat més baixos de proteines 1 lipids en comparacié amb els
alimentats amb altres dietes (82% 1 92% vs. 84% 1 94%, respectivament; p < 0,05) 1 les pitjors
rendibilitats en pes final (551 g vs. 673 g), ingesta de pinso (247 gd ! vs. 301 g d "), index de condici6
(0,83 vs. 0,86), taxa especifica de creixement (2,69% d' vs. 3,14% d') i index de conversi6
alimentaria (1,34 vs. 1,11) (p < 0,001). Els peixos alimentats amb la dieta MF-MP van presentar la
taxa de supervivencia més alta en comparacié amb altres dietes (96,8% vs. 94,5%; p < 0,001). Els
peixos alimentats amb dietes amb altes proporcions de farina de subproductes de pollastre (140 g kg™
0 165 g kg™!) i farina de plomes hidrolitzades (125 g kg™' 0 135 g kg™!) es van associar amb el
rendiment més baix en lloms (46,2% vs. 47,1%) en comparacié amb altres dietes (p < 0,05). En
conclusié, una dieta formulada amb 10 g kg™' de farina de peix i 392 g kg™' d’una mescla de farines
proteiques processades de pollastre no és adequada per sostenir el rendiment del bagre africa, mentre
que una dieta amb un minim de 45 g kg™ de farina de peix i 280 g kg~' de mescla de proteines
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processades de pollastre podria resultar tecnicament i econoOmicament interessant per a l'aqiliicultura
d'aquesta especie en RAS.

L'analisi SWOT presentada en aquesta tesi ha generat un marc de decisid, desenvolupat
mitjancant una analisi bibliometrica i estructurat com una piramide de prioritats que classifica els
criteris per a la selecci6 d'ingredients en la formulacié de pinsos per a RAS. La comparaci6 entre la
decada de 2010 i els primers anys de la decada de 2020 ha posat de manifest canvis importants en
aquests criteris. La gestié de la qualitat de 'aigua ha guanyat més rellevancia, indicant una orientacié
cap a practiques sostenibles. També s'ha intensificat l'atenci6 a garantir fonts d'ingredients
sostenibles, en linia amb els objectius ambientals. Mentrestant, els estandards normatius s'han
estabilitzat i la importancia de la compatibilitat del procés ha disminuit gracies als avangos
tecnologics. Aquest model podria servir com una guia inicial per als fabricants de pinsos en el
desenvolupament de dietes adaptades a les necessitats especifiques dels RAS, representant un pas
crucial cap a una industria aqiiicola més sostenible i eficient en 1'is de recursos.

Les futures investigacions haurien d'ampliar I'avaluacié de les materies primes, estudiant-ne
els perfils nutricionals i els efectes sobre 1’estabilitat en aigua dels pellets, la mida de les particules
fecals i els potencials residus nitrogenats. Aquestes avaluacions son essencials per formular pinsos
RAS que siguin sostenibles i eficients en recursos, especialment per a especies de peixos carnivors.
A més, son necessaries analisis complets per a les dietes comercials, tenint en compte tant les
propietats nutricionals com fisiques, amb la finalitat de garantir una gestié efica¢ dels productes de
rebuig 1 optimitzar 1’eficiéncia economica dels pinsos per a salmonids criats en RAS. Estudis
addicionals sobre 1'is de farines proteiques de subproductes de pollastre en dietes per a especies de
peixos omnivors contribuiran a equilibrar els costos dels ingredients i a millorar el rendiment dels
peixos, promovent I’escalabilitat i la sostenibilitat dels pinsos per a RAS.
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Aquaculture production and trends

Recognised for its essential contribution to global food security and nutrition in the twenty-
first century, aquaculture sector requires comprehensive developments in management, policy,
innovation, and investment to ensure sustainable and equitable practices worldwide (FAO, 2024).

In 2022, the global availability of aquatic animals reached an all-time record of over 185
million tonnes (Mt), for a total value of USD 452 billion (FAO, 2024). For the first time, aquaculture
overtook capture fisheries, accounting for 51% (94 Mt; USD 296 billion) of total production,
compared to 49% (91 Mt; USD 157 billion) from capture fisheries.

Of the total aquatic animal production, 89% (165 Mt) was used for human consumption (i.e.
20.7 kg per capita), whereas the remaining 11% (21 Mt) was allocated for non-food purposes, mostly
(83%) for fishmeal and fish oil production (FAO, 2024). Global apparent consumption of aquatic
foods increased at an average annual growth rate of 3.0% from 1961 to 2021, outpacing world
population growth (average annual growth rate of 1.6%), driven by the innovations in storage and
logistics technologies, shift of consumer preferences, and income growth (FAO, 2024). In 2022,
fisheries and aquaculture also provided notable employment and sustained livelihoods in many
coastal communities. About 62 million people were engaged in the primary sector of fisheries and
aquaculture as full-time, part-time, occasional or unspecified workers (FAO, 2024).

Global aquaculture outputs

Global aquaculture showed resilience in the face of the COVID-19 pandemic, with total
production, i.e. aquatic animal (94 Mt; 72%) and algae (37 Mt; 28%), reaching 130.9 Mt (USD 312.8
billion; +8.1 Mt from 2020) in 2022 (FAO, 2024). Fed aquaculture (i.e. species requiring external
feed) is increasingly greater than non-fed aquaculture (i.e. species relying on natural nutrients), which
showed a decline of —32.2% from 2000 to 2022.

Global production of aquatic animals from inland waters provided 59.1 Mt in 2022, i.e. 63%
of the worldwide aquaculture production. Finfish contributed 90% of inland aquaculture production,
followed by crustaceans (9%), molluscs (0.3%), and other aquatic animals (1.2%) (FAO, 2024).
Inland farming utilises a wide array of techniques and technologies, differing input levels,
management practices, and integration with other sectors. Nowadays, earthen ponds are the most
common method for raising finfish and other species worldwide.

Supply of aquatic animals from marine and coastal aquaculture reached 35.3 Mt in 2022 (24%
finfish; 22% crustaceans; 53% molluscs; 1.3% other aquatic animals). Marine aquaculture take place
in the sea and could last the entire life-cycle or only the grow-out phase. Global coastal aquaculture
is mainly performed in ponds onshore or intertidal zones (FAO, 2024).

In 2022, the diversity of farmed aquatic species globally expanded to 564 taxonomically
recognised species, i.e. 368 species of finfish, 88 species of molluscs, 62 species of crustaceans, 32
species of algae, 2 species of cyanobacteria, 7 species of marine invertebrates, 3 species of frogs and
2 species of aquatic turtles. Despite this diversity, a small number of stable species dominated group-
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related production, such as carps (32 Mt; 52% of all finfish), penaeid shrimps (8 Mt; 62% of all
crustacean), and oysters (7 Mt; 37% of all molluscs) (FAO, 2024).

European aquaculture outputs

In 2022, the European Union (EU-27) aquaculture sector produced 1.09 Mt (EUR 4.87
billion), contributing 1% of global aquaculture production (EUMOFA, 2024). The five largest
aquaculture producers by volume were Spain (25%; 273 Kt), France (17%; 184 Kt), Greece (13%;
141 Kt) Italy (12%; 130 Kt), and Poland (4%; 42 Kt). These top-producers countries accounted for
more than two-thirds of total EU-27 aquaculture production by volume, with Spain, France and
Greece accounting for more than half (EUMOFA, 2024). As showed in Figure 1.1, EU aquaculture
is characterised by species-specialised production for different Member States.

Mussels
72%

Bivalves and
aquatic
invertebrates

50%

Marine fish
22%

Figure 1.1. Production (%) of total European aquaculture and related to commodity groups
(data from EUROSTAT, 2024; online data code: fish_aq2a).

In detail, half of EU-27 aquaculture production volume comprises bivalves and other aquatic
invertebrates (50%; 552 Kt), especially mussels (mainly Mediterranean mussel; Mytilus
galloprovincialis) in Spain (192 Kt out of 396 Kt in EU) and oysters (mainly Pacific cupped oyster;
Crassostrea gigas) in France (78 Kt out of 97 Kt in EU). Marine fish (mainly seabream and seabass)
and salmonids (mainly trout and salmon), account for 22% (236 Kt) and 18% (193 Kt) of total EU
farmed production in 2022, respectively. Greece is the leading producer of gilthead seabream (Sparus
aurata) and European seabass (Dicentrarchus labrax), accounting alone for 65% (70 Kt out of 108
Kt in EU) of seabream and 51% (47 Kt out of 92 Kt in EU) of seabass EU production. On the other
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hand, more than half of EU trout (mainly rainbow trout; Oncorhynchus mykiss) production volumes
are produced in France (18%; 32 Kt), Italy (17%; 30 Kt) and Denmark (15%; 26 Kt out of 174 Kt in
EU), whereas for salmon (Atlantic salmon; Salmo salar), 90% (12 Kt out of 13 Kt in EU) of
aquaculture production takes place in Ireland. The freshwater species produced in the EU, accounting
for 9% (103 Kt) of the EU volume in 2022, mainly include carp (especially common carp; Cyprinus
carpio), produced in Poland (25%:; 18 Kt), the Czech Republic (24%; 17 Kt), and Hungary (17%; 13
Kt out of 72 Kt in EU). The remaining share is distributed among other species groups (seaweed,
sponges, sea urchins, terrapins, turtles and frogs), which account for an average annual production of
around 1 Kt (EUMOFA, 2024; EUROSTAT, 2024).

Aquafeed sustainability in a dynamic industry

Commercial aquafeed formulations still rely on fishmeal (FM) and fish oil (FO) (hereafter
named FMFO), with over 69% of FM and 75% of FO production used for feeding farmed fish (Yang
et al., 2023). This practice contributes to overfishing of forage fish species, destabilising marine
ecosystems as high-trophic level fish depend on these species. The growing demand for FMFO is
unsustainable, with projections indicating that the supply of forage fish may be exhausted by 2037,
threatening the long-term viability of commercial aquafeed production (Bachis, 2017). To mitigate
this risk and address the increasing demand for fish protein driven by a growing global population, a
transition toward sustainable feed alternatives is essential. The EU guidelines call for the use of raw
materials that preserve ecosystem integrity and reduce reliance on wild fish stocks, promoting
alternative nutritional sources (FAQO, 2022a). Beyond environmental preservation, developing cost-
effective sustainable feeds also addresses aquaculture producers' concerns about feed availability and
cost. This shift supports ecosystem health and presents economic opportunities, fostering new
industries, creating jobs, and enhancing livelihoods, thus delivering positive environmental, social,
and economic outcomes.

Sustainability constraints in aquafeed

Fishmeal and fish oil

FM is a protein-rich meal obtained through the processing of small pelagic fish, such as

anchovy (family: Engraulidae; especially Peruvian anchoveta, Engraulis ringens), menhaden
(Brevoortia sp. and Ethmidium sp.), blue whiting (Micromesistius poutassou), capelin (Mallotus
villosus), sardine (Dussumieria sp.; Escualosa sp.; Sardina sp.; Sardinella sp. and Sardinops sp.),
mackerel (Scomber sp. and Rastrelliger sp.), herring (Clupea sp.), and krill (order: Euphausiacea)
(FAO, 2022b).

The best quality FM is obtained from raw fish. However, in order to prevent protein and oil
breakdown, raw fish is often processed by draining, chilling (e.g. chilled water systems, mixing of
ice with fish) or chemical preservation (with sodium nitrite or formaldehyde) (Shepherd and Jackson,
2013). The starting material (raw or preserved fish) is composed of three major fractions: solids (fat-
free dry matter), oil and water. The FM is manufactured by a series of actions involving cooking,
pressing, drying and milling (Miles and Chapman, 2006). After cooking, generally at around 85-
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90°C, the cooked fish is pressed through a screw press where liquids are removed and a "press-cake"
is obtained. The liquids are decanted and the supernatants are centrifuged to obtain "stick-water",
which is concentrated through mild evaporation. The press cake and stick water are mixed together
before entering a dryer to obtain FM with a final moisture of about 10% (Bimbo, 2012).

The FO processing typically occurs alongside FM production, utilising the liquids extracted
during the pressing stage. The liquid mixture, containing water, oil, and some suspended solids,
undergoes a series of separation processes. First, it is subjected to centrifugation to separate the oil
from the water and solids. Then, the crude FO undergoes further refining steps, which may include
degumming to remove phospholipids, neutralisation to eliminate free fatty acids, bleaching to
improve colour and remove contaminants, and deodorisation to remove volatile compounds that cause
unpleasant odours and flavours (Bonilla-Méndez and Hoyos-Concha, 2018; Vaska et al., 2023).

At each of these processing steps, there can be variations, leading to FM of variable qualities
(FAO, 1986). Good quality FM contain crude protein levels above 66%, fat content around 8 to 11%,
and ash generally below 12% (Hardy and Kaushik, 2021). In some tropical developing countries, FM
is still produced after sun-drying and grinding, and can have very high levels of ash and relatively
low protein levels (FAO, 2018). Consistently with FM, the proximate composition of FO can vary
depending on fish species and processing methods. Typically, high-quality FO contains 98-99%
lipids, with the remaining 1-2% consisting of moisture and impurities. The lipid fraction is
predominantly composed of triglycerides (90-95%), with small amounts of free fatty acids (1-7%),
phospholipids (1-3%), and traces of other lipid classes. The FO fatty acid profile is characterised by
high levels of long-chain omega-3 polyunsaturated fatty acids, particularly eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), which together can comprise 10-30% of the total fatty acids
depending on the fish species (Hardy and Kaushik, 2021; Khalili Tilami and Sampels, 2018).

The flexibility of FMFO production allows for the utilisation of virtually any fish or shellfish
from the sea, and when a catch is specifically designated for the FMFO industry, it is termed as an
industrial fishery. Approximately, 100 kg of raw material results in the production of around 21 kg
of FM and between 2 and 6 kg of FO (EUMOFA, 2021). On the other hand, as already mentioned,
small pelagic species exhibit short lifecycles, impacting population numbers due to fishing pressure
and environmental variables. The utilisation of fisheries catches faces competition between
allocations for human consumption and non-food purposes (Cashion et al., 2017), but nowadays, the

prevailing trend favours human consumption due to more favourable prices and governmental
preferences (FAO, 2024).

Global fishmeal and fish oil outputs

The annual global landings of fish, shellfish, and crustaceans remain steady at approximately
90 Mt. Around 70 Mt are utilised for human consumption, whereas the remaining 20 Mt are directed
toward non-food uses. Within this non-food category, 15 Mt are allocated for FMFO production, and

the remaining share is used for ornamental purposes, fingerlings, bait, pharmaceuticals, and as raw
material for direct feeding in aquaculture (FAO, 2024). In 2022, world countries with major industrial
fisheries contributing to FMFO production included Peru, Chile, China, Denmark, Thailand, USA,
Japan, Norway and Vietnam. They accounted for 64% of total FM production and 75% of FO
production, and Peru, the world's largest FMFO producer, consistently contributes around 20% of
global FM and 15-20% of global FO production since 2010. Peru and Chile jointly represented 27%
of global FM production and 22% of global FO production (FAO, 2024; EUMOFA, 2023).
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From 2000 to 2021, the share of FMFO in aquaculture feed is diminishing, and landings
allocated for non-food use decreased by 32%, driven by increased human consumption and reduced
fishing for aquafeed production (e.g. reduced quotas and better fishery management) (IFFO, 2023).
From 2012 to 2022, the average annual FM production stabilised around 4.9 Mt, whereas FO
production annually ranges from 0.8 to 1.3 Mt. Variations in production are significantly influenced
by the supply of forage fish, particularly the Peruvian anchoveta fisheries, fluctuating between 3 and
7 Mt annually (EUMOFA, 2023; IFFO, 2023). These variations are closely linked to periodic El-
Nifio climate events, affecting catches by several Mt in certain seasons and years (Bertrand et al.,
2020).

Consistently, the global prices of FMFO are significantly influenced by the Peruvian market.
Thus, a downturn in Peruvian production, due to factors like an unsuccessful season or adverse
climatic conditions can lead to a substantial decrease in global output, potentially up to 20% (Bertrand
et al., 2020). Up to 2023, the average export price of Peruvian FM was 1,740 USD ton™!, whereas FO
prices were 4,300 USD ton"! (EUMOFA, 2023). Since the century began, there has been an increased
shift in the global use of FM towards aquaculture, i.e. from 63% in 2009 to 87% in 2021. On the other
hand, 7% of FM was used in pig farming, 1% for poultry farming, and 4% for other uses (mostly pet
food) (IFFO, 2023). The utilisation of FM within aquafeed varied, with 33% used for crustaceans,
18% for marine fish, 21% for freshwater species, and 14% for salmonids. The remaining portion was
allocated to tilapias, cyprinids, and eels (EUMOFA, 2023). As regards FO, its primary application
lies in aquaculture, where 58% was allocated to feed salmon and trout, 15% for marine fish, 23% for
crustaceans, and 3% for other species, despite there is an increased trend for direct human
consumption, capsules, pesticides, paints, leather and nutraceuticals products (EUMOFA, 2023).

European fishmeal and fish oil outputs

From the turn of the century, European fish landings allocated for FMFO production widely
fluctuated, from 1.1 Mt in 2000 to 433 Kt in 2012 to 800 Kt in 2019 (EUMOFA, 2023), primarily
due to variations in fishing quotas and landings (IFFO, 2023).

Denmark, the largest EU-27 industrial fishery nation, contributed 78% of total EU landings
for FMFO production in 2021, holding a significant portion of EU quotas for principal pelagic

species, like sandeels (Hyperoplus sp., Gymnammodytes sp. and Ammodytes sp.), sprat (Sprattus sp.),
and blue whiting (Micromesistius poutassou) (EUMOFA, 2023). Most sand eel is caught in the North
Sea, whereas sprat is caught in the Baltic, North Sea, Kattegat, and Skagerrak. Blue whiting is taken
as a directed fishery in the North Sea and East Atlantic. Other important EU countries engaged in
industrial fishery catch include Finland and Sweden (EUMOFA, 2021).

The average annual FM production in the EU reached around 480 Kt from 2015 to 2020,
whereas FO production is estimated to be 140 Kt in 2020. In 2020, Denmark and Spain emerged as
the dominant FMFO European producers, respectively contributing to 41% and 23% to the total FM
and 43% and 19% of the total FO outputs (EUMOFA, 2023). With some regional variations, the
prices of FMFO in Europe strongly correlate with global prices, influenced by the supply dynamics
in South America (Peru and Chile), and demand from Asia, primarily China. In the last decade,
European FM prices rose by 67% to 1,416 EUR ton™!, whereas FO prices rose by 181% to 3,655 EUR
ton'. Following two highly productive years in Peru, production declined in 2022, i.e. —20% of FM
and —41% of FO. Additionally, the shutdown of the first Peruvian anchovy season in 2023 due to El-
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Nifo conditions further contributes to expectations of limited or no supply from Peru in the coming
years (EUMOFA, 2023).

Fishmeal and fish oil dependence

The feeding habits of aquaculture fish exhibit significant variations based on their
environmental contexts at a global level. Freshwater fish species, mostly omnivorous or herbivorous
(low trophic level fish), differ markedly from diadromous and marine species, which are
predominantly carnivorous (high trophic level fish) (NRC, 2011). These distinctions extend to their
nutritional requirements, exemplified by the fact that omnivorous and herbivorous fish generally have
lower protein needs, typically ranging from 25% to 35% dietary crude protein. On the contrary,
carnivorous fish necessitate higher protein levels, with dietary crude protein content ranging from
40% to 55% (Wilson, 2003). Additionally, dietary carbohydrate tolerance varies among species, with
some efficiently utilising diets containing up to 40-60% carbohydrates, whereas others tolerating no
more than 10-20% (Wilson, 1994) (Figure 1.2).
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Figure 1.2. Proximate composition of aquafeed for different farmed species in Europe
(modified from Oliva-Teles et al., 2022).

From a nutritional point of view, FM is acknowledged as the most suitable protein source for
fish due to its high protein content, favourable amino acid profile, excellent protein digestibility, and
high palatability. Moreover, it is rich in taurine, essential minerals (including phosphorus), and
vitamins (including choline), whereas lacking antinutritional factors (Aragdo et al., 2022; Hardy,
2010). On the other hand, FO serves as a valuable source of long-chain polyunsaturated fatty acids
(LC-PUFA), standing as the primary commercially competitive provider of these essential fatty acids
(EFAs) at present (Turchini et al., 2009). Its inclusion in diets for marine fish becomes imperative to
meet their EFA requirements, whereas it is generally unnecessary in diets for some freshwater fish
(de Silvaet al., 2010). Given these attributes, both FM and FO have traditionally served as the primary
protein and lipid sources in fish feeds, as reported in Figure 1.3.
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Figure 1.3. Fishmeal and fish oil inclusion in commercial aquafeed in 1999 and 2015, and
projections for 2030 (data from New and Wijkstrom, 2002 and Oliva-Teles et al., 2022).

The primary driver for researching substitutes for FMFO in animal feeds, especially
aquafeeds, stems from potential supply pressures. Additionally, the industry faces challenges linked
to broader concerns regarding the correlation between feed quality, animal health, and human health
(Shahin et al., 2023). Historical evidence suggests that any restrictions on FMFO inclusion could
impact public perceptions of using marine resources in aquafeeds. In this sense, questions may arise
about the rationale behind feeding fish to fish and feeding animals to animals, despite the distinctions
between herbivores and carnivores (Edwards et al., 2019). Despite alternative sources being used
more, concerns exist about the sustainability of some fisheries, particularly in West Africa, where
fish meant for human consumption is still redirected to FMFO production (FAO, 2022b). Governance
improvements are crucial in such areas. Though FMFO from different resources have a different
nutritional profile, they remain vital for farmed fish, providing essential nutrients, likely omega-3
fatty acids. Nevertheless, their inclusion rates in aquaculture feeds have decreased due to supply,
price fluctuations, and growing demand (Tacon and Metian, 2008).

In general, reducing the inclusion of FMFO in fish diets by incorporating alternative protein
and lipid feedstuffs is a feasible approach (Naylor et al., 2009). However, achieving lower levels or
complete elimination of FMFO without compromising growth performance and animal health poses
challenges. Continued research efforts are essential to address these issues and further minimise the
reliance on FMFO in aquaculture feeds, ensuring sustainable global aquaculture growth (Olsen and
Hasan, 2012). On the other hand, while judiciously substituting FM with alternative feedstuffs

appears promising, it is crucial to recognise that the availability of FO may emerge as a significant
7
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constraint for sustainable marine aquaculture expansion (Oliva-Teles et al., 2022). Additionally, low
FMFO feeds must not only promote performance comparable to traditional feeds but also ensure
optimal fish health and welfare, resulting in a nutritionally adequate, safe, and well-accepted final
product (New and Wijkstrom, 2002).

Alternative raw materials

When exploring alternatives to FMFO, various factors such as cost, protein content, amino
acid profile, levels of essential amino acids (EAAs) and EFAs, presence of antinutritional factors,
digestibility, and palatability need careful consideration (Tacon et al., 2011; Gatlin et al., 2007). It is
crucial to prevent unintended consequences on fish health, intestinal homeostasis, immune response,
and susceptibility to diseases (Hardy, 2010; Oliva-Teles et al., 2022).

Animal nutrient sources

In the following sections, the main alternative animal ingredients for aquafeed are analysed in
detail, focusing on their nutrient composition, processing methods, rate of FMFO replacement, and
potential applications in modern formulations.

Aquatic animal proteins meals and oils. The primary alternative protein-rich meals and lipid
sources derived from aquatic animals that are commercially available include:

e fish and/or shellfish by-product meals and oils: derived from seafood and/or aquaculture
processing wastes (i.e. viscera, heads, skin, bones, and blood), such as tilapia, trout, tuna,
salmon, hake, pollock, catfish, crab, crayfish, lobster, shrimp, and squid.

Fish and shellfish by-products are increasingly being introduced in modern aquafeed
formulations. According to recent industry data, approximately 33% of global FM production now
originates from by-products, with projections indicating a substantial increase to 49% by 2030 (FAO,
2022b). Nutrient composition of aquatic by-product meals varies considerably depending on the
source species, deterioration levels, and processing methods (Kim et al., 2016; Olsen et al., 2014).
Typically, the meals contain 50-75% crude protein, 5-15% lipids, 15-30% ash, and 6-10% moisture
(Hua et al., 2019). For instance, salmon by-product meal averages 65% protein and 10% lipids (Guo
et al., 2020); shrimp by-product meal contains approximately 48% protein and 10% lipids (Abuzar
Sharif et al., 2023). Aquatic by-product oils have a fatty acid profile similar to the source species,
with high levels of omega-3 fatty acids, particularly EPA and DHA, ranging from 10-30% of total
fatty acids (Byun et al., 2008).

Extensive research has demonstrated that aquatic by-product meals can effectively replace
significant rates of conventional FM in aquafeeds for different species without compromising growth
performance or feed efficiency (Bechtel, 2007). For instance, in rainbow trout (Oncorhynchus
mykiss), pink salmon by-product meal can replace 25% anchovy meal without affecting growth
(Fehringer et al., 2014), whereas supplementation of 7% of salmon by-product as a replacement of
conventional FM increased the feed intake and metabolic efficiency (Lee et al. 2015). In marine
species, up to 50% of wild-caught FM could be replaced with shrimp by-catch meal for juveniles and

sub-adults red drums (Sciaenops ocellatus) without negative effects on digestibility, growth
8
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performance, or fillet quality (Li et al., 2004). In feeding Korean rockfish (Sebastes schlegeli), 40%
of FM can be replaced by tuna by-product meal without negatively influencing the growth, feed
availability, and haematological variables (Li and Cho, 2023). Replacing FM up to 20% with fish
waste meal in the diets of African catfish (Clarias gariepinus) does not impair growth performance,
feed intake and utilisation (Obasa et al., 2011). Similarly, for Nile tilapia (Oreochromis niloticus), a
complete replacement of dietary FM with tuna by-product meal does not exceed the food safety values
of cadmium and mercury (both <0.5 mg kg™!) in fillets (Kim et al., 2019). In crustaceans’ aquaculture,
hydrolysed salmon by-product meal could replace 100% anchovy meal in diets for Pacific white
shrimp (Litopenaeus vannamei) without compromising growth performance and feed conversion
ratio (Guo et al., 2020). Salmon by-product meal can totally replace herring meal in the diet of red
king crab (Paralithodes camtschaticu) without affecting growth performance and economic benefits
(James et al., 2013).

Consistently with FM replacement, FO could be effectively replaced with aquatic by-products
alternatives. Tuna by-product oil could effectively replace 60% of conventional FO in diets of
Japanese amberjack (Seriola quinqueradiata), increasing DHA in the fillets without affecting growth
performance (Shinagawa et al., 2017). In crustaceans farming, by-products oils derived from four ray
fish (Dasyatis brevis, Rhinoptera steindachneri, Aetobatus narinari, and Rhinoptera bonasus) could
totally replace menhaden oil without affecting the growth and survival rate of Pacific white shrimp
(Perez-Velazquez et al., 2008).

These high substitution levels are attributed to improved processing techniques, a more
comprehensive understanding of nutrient requirements, and the development of complementary feed
additives. For instance, enzymatic hydrolysis along with the use of emulsifiers, antioxidants, and
enzyme complexes, could enhance the nutritional value and digestibility of these by-product
ingredients (Henao-Ardila et al., 2024; Liaset et al., 2000). Nevertheless, it is important to note that
while these high substitution levels have been achieved in controlled experimental conditions,
commercial application may require further optimisation (e.g. enzyme treatments, oil
microencapsulation) to account for variability in by-product composition and long-term effects on
fish health and product quality.

On the other hand, using fish and shellfish by-products in aquafeeds faces challenges,
including variability in nutrient composition and potential for lipid oxidation. To address these issues,
innovative processing techniques such as enzyme treatment and microencapsulation are being
developed to improve the stability and nutritional value of these ingredients (Baron et al., 2007; Tolve
et al., 2021).

e zooplankton meals and oils: derived from wild harvested marine invertebrates, such as
brine shrimp biomass (e.g. Themisto libellula), calanus (Calanus finmarchicus), and krill
(Euphausia superba).

These raw materials are considered as premium alternatives in aquafeed formulations, as their
contents of protein, amino acids and ash are comparable to that of FM (Hertrampf and Piedad-Pascual,
2000). These ingredients typically contain 40-65% crude protein, 10-30% lipids, and exceptional
levels of EAAs and omega-3 fatty acids, particularly EPA and DHA (Riccardi, 2000). The protein
content varies among species, with Antarctic krill meal (Euphausia superba) averaging 60-65% crude
protein (Savage and Foulds, 1987); Arctic amphipod meal (Themisto libellula) contains 50-55%
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(Suontama et al., 2007). The lipid fraction is particularly valuable, with krill oil containing up to 25-
30% EPA+DHA (Ramprasath et al., 2013), and calanus oil rich in wax esters (up to 80%) that could
be used as a slow-release energy source (Cook et al., 2016). Furthermore, zooplankton products can
be considered feed attractants due to their low molecular weight soluble compounds (e.g. nucleotides,
amino acids and trimethylamine N-oxide), which act as palatable and flavour agents in aquafeed
(Ogle and Beaugz, 1991; Shimizu et al., 1990).

In Atlantic cod (Gadus morhua) a total replacement of FM with Antarctic krill meal could be
achieved without impairments in growth, plasma nutrients, and enzymes, whereas the same results
have been obtained in Atlantic salmon (Salmo salar) fed diets where 40% of the FM was replaced
with Arctic krill meal (Thysanoessa inermis), amphipod meal (Themisto libellula), or Antarctic krill
meal (Moren et al., 2006). In addition, zooplankton meals (i.e. Arctic krill meal, amphipod meal, or
Antarctic krill meal) can replace 40-60% of FM in diets for Atlantic halibut (Hippoglossus
hippoglossus) without adverse effects on growth, feed conversion or fish welfare, and it may even
result in stimulation of appetite and improved fatty acids profile in fillets (Suontama et al., 2007). In
marine species, the total substitution of FM with krill meal had no adverse effect on growth or feed
utilisation in red porgy (Pagrus pagrus) (Izquierdo et al., 2005), and it gave a favourable reddish skin
colouration to the fish. In gilthead seabream, replacing 20% of FM with krill meal enhanced growth
and reduces lipid accumulation and damage of hepatocytes (Saleh et al., 2018), whereas a 50% FM
replacement with krill meal in European seabass diet improves growth, feed efficiencies, and fatty
acids profiles of the fillets (Torrecillas et al., 2021). In crustaceans, krill meal can totally replace FM
without a negative effect on the growth of Pacific white shrimp (Litopenaeus vannamei) (Wei et al.,
2022). Zooplankton oils have shown equal promise, with krill oil that can totally replace FO in
oriental river prawns (Macrobrachium nipponense), improving flavour, amino acids, nucleotides,
EPA and DHA contents in edible meat and growth performance (Sun et al., 2023). In addition, krill
oil could replace 90% of FO in female Pacific white shrimp promoting ovarian development, steroid
hormone synthesis and positively regulating reproductive activity (Liang et al., 2024).

However, challenges persist in the widespread adoption of zooplankton-derived ingredients.
Seasonal variability in harvests and concerns about the ecological impact of large-scale zooplankton
fishing have led to strict quotas, particularly for Antarctic krill (Hewitt et al., 2002). To address these
issues, ongoing research into the cultivation of certain zooplankton species, such as the copepod
Acartia tonsa, 1s being conducted in intensive systems (Sarkisian et al., 2019). Additionally, advanced
processing techniques, including supercritical CO; extraction for oil production (Ali-Nehari et al.,
2012) and enzymatic hydrolysis for protein concentrate manufacturing (Mildenberger et al., 2023),
are being developed to maximise the utilisation and nutritional value of these resources.

o fish and/or shellfish hydrolysates, silages and fermentation products: derived from
harvested whole fish, macroinvertebrates, zooplankton and/or seafood processing wastes.

These raw materials offer enhanced digestibility and bioavailability of nutrients compared to
conventional meals. These products typically contain high protein content (up to 90%), a well-
balanced amino acid profile, and bioactive peptides that may improve fish health and stress resistance
(Nikoo et al., 2023). The protein content can vary significantly based on the raw material and
processing method, e.g. fish protein hydrolysates (FPH) from salmon by-products ranging 45-70%
crude protein (Véazquez et al., 2019).
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Hydrolysates are produced through controlled enzymatic or chemical hydrolysis, breaking
down proteins into smaller peptides and free amino acids. This process not only enhance digestibility
but also generates bioactive peptides with potential immunomodulatory, antioxidant, and
antimicrobial properties (Gokoglu, 2023). For instance, hydrolysates from Atlantic cod by-products
have demonstrated Angiotensin Converting Enzyme-inhibitory activity, suggesting potential benefits
for cardiovascular health in fish (Rodrigues et al., 2021). Silages, produced by acidification of fish
waste, offer a cost-effective method for preserving nutritional value. The pH reduction (typically to
3.5-4.0) prevents bacterial spoilage while allowing endogenous enzymes to break down proteins and
lipids (Maksimenko et al., 2024). Fermented products, on the other hand, utilise microbial activity to
enhance nutritional properties and generate beneficial compounds such as organic acids and
bacteriocins (Cai et al., 2024).

In Atlantic salmon, replacing 66% FM with salmon hydrolysate increased the growth rates
and improved the apparent digestibility coefficients (ADCs) of protein and the feed intake, without
signs of gut inflammation (Sandbakken et al., 2023). Inclusions of 5% of shrimp and tilapia
hydrolysates have shown effectiveness in low-FM diets (5%) for European seabass (Dicentrarchus
labrax), improving growth performance and modulating metabolic pathways related to immunity and
nutritional metabolism (Leduc et al., 2018). Red seabream (Pagrus major) fed dietary inclusions up
to 35% of shrimp, tilapia and krill hydrolysates in a low-FM diet (20%) improved growth
performance, feed utilisation, digestibility, innate immunity and disease resistance (Khosravi et al.,
2015). A mixture of fermented fish by-products could replace up to 30% FM protein without affecting
growth performance, feed efficiency and survival rate in juvenile olive flounder (Paralichthys
olivaceus) (Sun et al., 2007). Similarly, substituting 30% FM with fermented prawn waste liquor in
diets for juvenile European seabass did not compromise growth performance, feed conversion ratio,
and protein efficiency ratio (Nor et al., 2011). On the other hand, sardine silage produced from organic
acids effectively replaced 25% of FM without affecting health status and apparent digestibility of
protein and energy in European seabass (Davies et al., 2020), whereas 75% of FM could be substituted
with co-dried tilapia silage in tilapia and catfish diets (Fagbenro et al., 1994).

Recent advancements in processing technologies, such as membrane filtration (Steinsholm et
al., 2021) and spray drying (Chiodza and Goosen, 2023), have allowed for the production of more
consistent and stable hydrolysate products. Additionally, the use of specific enzyme cocktails and
controlled fermentation with probiotic strains is being explored to tailor the functional properties of
these ingredients for targeted applications in aquaculture nutrition (Marti-Quijal et al., 2020).

e marine polychaete meals: derived from wild harvested and/or farmed marine annelid
worms

These ingredients represent a promising FM alternative due to their relatively high protein
content (50% on average) and favourable amino acid profile (Bharath et al., 2021). These meals are
particularly rich in EFAs, including EPA and DHA, which are crucial for fish reproduction and larval
development. The fatty acid profile can vary among species, with Hediste diversicolor containing 1.5
ug mg~!' (on dry matter basis, DM) EPA and 4.8 ug mg' DHA, with respect to Diopatra neapolitana
and Terebella lapidaria, which contain 1.0 ug mg' EPA and 1.1 ug mg™' DHA (Jerénimo et al.,
2021). The protein quality of polychaete meals is exceptional, with EAAs profiles closely matching
the requirements of many farmed fish species. For instance, Nereis virens contain 5.3g 100g"' EAAs
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on DM basis, whereas Perenereis cultrifera contain 4.7g 100g ' EAAs, including high levels of lysine
(1.5 g 100g™ "), often a limiting amino acid in fish diets (Bharath et al., 2021). Additionally, polychaete
meals are rich in minerals, particularly zinc and copper, which play crucial roles in enzyme function
and immune response in fish (Wang et al., 2019).

In Pacific white shrimp (Litopenaeus vannamei), up to 30% of FM could be replaced by
polychaete meal (Nereis virens) without adverse effects on growth or feed efficiency, whereas also
improving the feed intake (Herawati et al., 2023). In marine fish species, the inclusion of polychaete
meal (Alitta virens) as 40% FM substitute has showed no effect on fish growth or feed efficiency in
European seabass (Monteiro et al., 2024). Feeding common sole (Solea solea) larvae with chopped
live Nereis virens improved growth performance and alleviated nutritional anaemia (Kals et al.,
2017). In addition, the dietary inclusion of 50% of Nereis sp. meal in a low-FM diet (15%) for tilapia
larvae increased growth and survival rate (Ahmad et al., 2021).

Beyond their nutritional value, polychaete meals have demonstrated functional properties that
may benefit fish health. Extracts from Perinereis aibuhitensis have shown strong antioxidant activity
(Wang et al.,, 2017), with the potential for enhancing stress resistance in aquaculture species.
Moreover, some polychaete species contain high levels of pigments (Rodrigo and Costa, 2019),
particularly carotenoids, which can enhance the colouration of farmed fish and crustaceans, a
desirable trait for consumers.

Despite their potential, challenges remain in scaling up polychaete production for aquafeed
use. Wild harvest is limited by seasonal availability and potential environmental impacts, leading to
increased focus on polychaete aquaculture. Recent advancements in integrated multitrophic
aquaculture systems (IMTA) exploring the integration of polychaete culture with existing aquaculture
systems as a means of waste management and value-added production, potentially creating more
sustainable and circular aquaculture practices (Yousefi-Garakouei et al., 2019).

Terrestrial animal proteins meals and oils. The primary protein-rich meals and lipid sources
derived from terrestrial animals that are commercially available include:

e meat by-product meals and fats: derived from slaughtered farmed livestock other than
poultry (i.e. cattle, pig, sheep, etc.), and includes meat and bone meal, meat meal, meat
soluble and tallow.

Meat by-product meals, in particular meat meal (MM) and meat and bone meal (MBM) derive
from mammalian tissues, excluding hair, hooves, horns, skin clippings, dung, and rumen content.

These meals typically contain 45-55% crude protein, 8-12% crude fat, and 27-31% ash. The
MM contains on average 3000 mg calcium and <4.400 mg phosphorous, whereas MBM has a higher
level of phosphorous and calcium range 8,800-12,000 mg (Hardy and Kaushik, 2021). The protein
quality is generally high, with EAAs profiles meeting the requirements of many farmed fish species.
For instance, MBM contains high levels of EAAs (3.1-4.2 g 100g™! DM), especially arginine (3.2-
5.2 g 100g™"), leucine (1.8-5.2 g 100g™") and lysine (1.73-4.28 g 100g™") (Hendriks et al., 2002).

The digestibility of these raw materials varies among fish species, with carnivorous fish
generally showing higher digestibility coefficients. Indeed, the protein apparent digestibility of MBM
in rainbow trout was 75% whereas that of carp was 54% (Esmaeili et al., 2017).
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Rendered animal fats, such as lard, tallow (bovine or ovine), white and yellow grease, have a
fatty acid profile that can vary significantly depending on the source species and diet, but generally
contains high levels of saturated (SFAs, +60%) and monounsaturated fatty acids (MUFAs, +105%),
with lower levels or absence of PUFA compared to FO (Trushenski and Lochmann, 2009). Given this
particular fatty acid composition, digestibility of land animal fats is temperature-dependent,
especially for freshwater fish. For instance, in rainbow trout apparent digestibility of dry matter and
lipid of a beef tallow (BT)-based diet were 80 and 95%, respectively (Bureau et al., 2008a).

Lots of studies on FM substitution involves meat by-products: In rainbow trout, up to 45% of
FM could be replaced by MBM without adverse effects on growth or feed efficiency (Esmaeili et al.,
2016), whereas MBM could substitute 30% FM in red drum (Kureshy et al., 2000) and 50% FM in
gilthead seabream (Robaina et al., 1997) with the same results on performance. The MBM could
replace 50% FM in African catfish (Goda et al., 2007), and 100% FM in Nile tilapia (El-Sayed, 2008)
without compromising fish growth performance and economic efficiency of feed. On the other hand,
growth performance and whole-body composition of juvenile olive flounder were not significantly
affected by FO replacement with BT (Lee et al., 2020). In addition, BT could replace 50% FO in
Japanese sea bass (Lateolabrax japonicus; Xue et al., 2006) and in Atlantic salmon (Emery et al.,
2014), and 40% FO in rainbow trout (Bureau et al., 2008b), without effect on growth and nutrient
digestibility.

In addition, meat by-products may offer functional benefits in aquafeeds. Studies have shown
that some peptides (e.g. carnosine, glutathione, anserine) derived from hydrolysed land animal
proteins have antioxidant and immunostimulatory properties (Liu et al., 2016), potentially enhancing
fish health and stress resistance. Moreover, the high mineral content of meat meals, particularly
calcium and phosphorus, can contribute to skeletal development in fish, potentially reducing the need
for inorganic mineral supplementation in aquafeeds (Lall and Kaushik, 2021).

On the other hand, challenges remain in the widespread use of meat by-products in aquafeeds.
Wide variability in raw material quality and composition can affect nutritional value and digestibility
(Bureau et al., 1999), necessitating stringent quality control measures. In addition, regulatory
restrictions, particularly regarding the use of ruminant-derived products in some countries, can limit
their application (Gizzi et al., 2004). For instance, in the EU the use of processed animal proteins
(PAPs) use was prohibited in 1990-2000 by the EU Commission Regulation (EC No. 999/2001) due
to the spread of bovine spongiform encephalopathy (BSE) in ruminants of Western Europe. However,
the use of some PAPs derived from non-ruminant animals (Category 3) in aquafeed was reintroduced
in 2013 (EU Commission Regulation, EC No. 56/2013).

e poultry by-product meals and fats: derived from slaughtered farmed poultry and includes
poultry by-product meal, turkey meal, feather meal, chick hatchery waste and poultry fat.

As for meat by-products, these ingredients offer a promising alternative to FMFO in aquafeeds
due to their high nutritional value and relatively stable supply. Poultry by-product meal (PBM) is
made from by products of poultry slaughtering, excluding feathers and contents of gizzards, and gut
(Hardy and Kaushik, 2021).

It typically contains 60-70% crude protein, 10-14% crude fat, and 10-16% ash, with a well-
balanced amino acid profile (Pesti et al., 1986). Despite the protein quality being generally high, PBM
lacks lysine (3 g 100g™' on DM basis, on average) and methionine (1 g 100g™") compared to FM (7
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and 2 g 100g"!, respectively), often considered limiting amino acids in fish diets (NRC, 1993). The
digestibility of poultry by-products is generally very high in fish, with digestibility coefficients of
protein that could reach >90% in omnivorous species (Herndndez et al., 2010). Hydrolysed feather
meal (HFM) is particularly rich in protein (80-85%) but requires hydrolysis-pressure treatments with
Ca(OH)> and drying to improve digestibility (Hardy and Kaushik, 2021), which can exceed 80% for
properly processed products in rainbow trout (Bureau et al., 1999). Poultry oil (PO) is rich in palmitic
(C16:0; 20 mg 100g™! of total FAME), palmitoleic (C16:1; 6 mg 100g ™), stearic (C18:0; 8.5 mg
100g™1), oleic (C18:1; 42 mg 100g '), and linoleic (C18:2; 19 mg 100g™!) acids (Waldroup and
England, 1995), and it may be used as energy source in aquafeeds.

Extensive research has been made on FM substitution with poultry by-product in aquafeed.
For instance, PBM was effective in replacing 50% FM in Australian snapper (Chrysophrys auratus;
Quartararo et al., 1998), 25% FM in silver seabream (Pagrus auratus; El-Sayed, 1994), 66% for red
drum (Sciaenops ocellatus; Kureshy et al., 2000), and 25% for black sea turbot (Psetta maeotica,
Yigit et al., 2006) without impairments in growth rates. In coho salmon (Oncorhynchus kisutch) 20%
FM could be replaced by PBM without affecting growth performance, feed utilisation, muscle
composition, serum biochemical indices, and liver antioxidant enzyme activities (Yu et al., 2023).
Other freshwater species, including Nile tilapia (Yones and Metwalli, 2015), gibel carp (Carassius
gibelio; Yang et al., 2004), and Malaysian mahseer (Tor tambroides; Ismail et al., 2012), were able
to digest and utilise nutrients from diets with 100% PBM without impairments in growth
performance. In crustaceans, PBM could replace 75% FM in giant river prawn (Macrobrachium
rosenbergii; Boateng et al., 2023) and 80% FM in Pacific white shrimp (Litopenaeus vannamei, Cruz-
Sudrez et al., 2007). On the other hand, HFM could replace 76% FM in European seabass (Campos
et al., 2017), 25% FM in malabar grouper (Epinephelus malabaricus; Li et al., 2009), 30% in rainbow
trout (Bureau et al., 2000), 40% in Japanese flounder (Paralichthys olivaceus; Kikuchi et al., 1994),
50% in major carp (Labeo rohita; Hasan et al., 1997), and 66% in Nile tilapia (Bishop et al., 1995)
without impairing growth. In addition, a total replacement of FO with PO could be achieved in
yellowtail kingfish (Seriola lalandi; Bowyer et al., 2012), in tiger puffer (Takifugu rubripes; Li et al.,
2022) and in European seabass (Campos et al., 2019) without reducing growth performance.

Consistently with meat by-products meals and fats, poultry by-products inclusion in aquafeed
may enhance fish welfare, as they contain bioactive substances (e.g. carnosine, anserine) derived from
hydrolysed poultry proteins that exhibit antioxidant and immune-enhancing properties (Romero-
Garay et al., 2022).

Poultry by-products, as PAPs derived from non-ruminant animals (Category 3), could be used
in EU as ingredients for aquafeed since 2013 (EU Commission Regulation, EC No. 56/2013).
However, the wide variability in poultry raw material quality and processing conditions could affect
nutritional value and digestibility (Volpato et al., 2022), necessitating stringent quality control
measures.

e blood by-product meals: derived from slaughtered farmed livestock (ruminant and
monogastric), and includes blood meal, haemoglobin meal and dried plasma products.

Blood meals (BM) are made from fresh animal blood, except all extraneous substances, by
spray-drying, after an initial evaporation under vacuum at low-temperature has reduced the moisture
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content to about 70%. It could be further refined by separating blood cells from plasma by spray-
drying under high pressure and temperatures (80°C) with anticoagulant enzymes.

These ingredients are characterised by extremely high protein content, typically >85%, with
an excellent amino acid profile for fish (Hardy and Kaushik, 2021). Blood meal from poultry, cows,
and goat blood contains approximately 85-90% crude protein (Sarkar et al., 2021), whereas spray-
dried plasma protein (SDP) can reach up to 70-80% crude protein (Kazimierska and Biel, 2023). The
protein quality is exceptional, with EAAs levels often exceeding those of FM. For instance, blood
meal contains lysine levels of 7.5 g 100g™! (on DM basis, on average) and leucine levels of 10.8 g
100g™! (NRC, 1993), making it particularly valuable as an FM substitute or as a supplement in diets
containing high amount of some ingredients (e.g. plant raw materials) deficient in these amino acids.
The digestibility of blood products is favourable, with apparent protein digestibility coefficients
ranging 70-80% in omnivorous species (Hussain et al., 2011) and 80-90% in salmonids (Bureau et
al., 1999). The lipid content of blood products is typically low (1-2%) (Sarkar et al., 2021). However,
they are rich in high-available micronutrients, especially iron (10 g 100g™!) and zinc (8 g 100g™),
required in fish and crustaceans to prevent deficiency symptoms, such as cataracts, skeletal
deformities and microcytic anaemia (Lall, and Kaushik, 2021).

Complete substitution of FM with BM could be achieved without compromising growth
performance and survival in Nile tilapia (Aladetohun and Sogbesan, 2013) and African catfish
(Agbebi et al., 2009). The BM could replace 35% of FM in diets for silver pompano (Trachinotus
blochii) without affecting growth and feed efficiency (Hamed et al., 2017), whereas 66% of FM
replacement with both BM and SDP could be made in common carp diets maintaining good growth
rates and fillet composition (Gao et al., 2020). Poultry SDP could substitute 57% FM in largemouth
bass (Micropterus salmoides; Xu et al., 2022), whereas porcine SDP could replace 5% FM in hybrid
grouper (Epinephelus lanceolate x E. fuscoguttatus; Li et al., 2021) and 60% FM in Pacific white
shrimp (Niu et al., 2011) without impacting growth and disease resistance.

Similar to other terrestrial animal-based by-products, blood-derived ingredients could act as
functional ingredients in aquafeed due to their content of bioactive compounds such as
immunoglobulins, albumin, growth factors, peptides, transferrin, and enzymes, which could enhance
fish welfare and disease resistance (Bah et al., 2013). For instance, 6% inclusion of poultry SDP
improved resistance to Vibrio parahaemolyticus infection in Pacific white shrimp (Chuchird et al.,
2021), 50% inclusion of animal SDP enhanced resistance to cold-induced stress in Nile tilapia (de
Aratjo et al., 2017), and 5% inclusion of porcine SDP in gilthead seabream demonstrated positive
effects on systemic immunity and on antibacterial capacity of mucus (Ferndndez-Alacid et al., 2022).

As for the other land animal by-products, blood ingredients derived from non-ruminant
animals could be introduced in fish feed since 2013 (EU Commission Regulation, EC No. 56/2013).
In addition, blood meals could act as a binder in extruded aquafeed (Kirimi et al., 2016), minimising
the leaching of nutrients and maximising the integrity of pellets, particularly important in closed
aquaculture systems.

e invertebrate terrestrial products: derived from wild harvested and/or cultured annelid
worms, insect larvae/pupae, gastropods - golden apple snails, etc.

These raw materials represent an emerging class of alternative protein sources in aquafeeds,
and, in this field, are mainly represented by insect meal and oils. Common processing methods
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include lipid extraction, enzymatic proteolysis, thermal processing (e.g. blanching, pasteurization,
sterilization), low-temperature processing (e.g. refrigeration, freezing), dehydration, and fermentation
(Liceaga, 2021).

Invertebrate terrestrial products have a wide variability in proximate composition, mostly
related to the species and processing method (Nogales-Mérida et al., 2019). For instance, crude
protein range 9-76% in insect meals and 50-60% in terrestrial lumbricid worms meals, whereas crude
lipid range 8-40% in the former and 1-9% in the latter (Finke, 2015; Tacon et al., 1983). The protein
quality is generally high, with EAA profiles often comparable to FM. For instance, black soldier fly
(Hermetia illucens, HI) meal contains lysine levels of 2.1-3.7 g 100g ! on DM basis and methionine
levels of 0.6-1.2 g 100g"!, mealworm (Tenebrio molitor, TM) meal contains 1.8-3.4 g 100g ! lysine
and 0.5-1.0 g 100g ! methionine (Finke, 2015); lumbricid worms (e.g. Eisenia foetida, Allolobophora
longa and Lumbricus terrestis) meals contain 3.1-3.5 g 100g ™! lysine and 0.5-1.3 g 100g ™! methionine
(Tacon et al., 1983).

The fatty acid profile varies significantly depending on the invertebrate species and their diet.
HI meals are often rich in lauric acid (12:0; 40-60 mg 100g71 of total FAME), whereas Musca
domestica meals are rich in palmitic acid (16:0; 20-40 mg 100g™ ") (Finke, 2015). The digestibility of
these ingredients is generally high across different fish species, with ADCs of protein of HI meal
ranging 80-97%, those of TM meal 80-92%, and those from Zophobas morio meal standing at about
50% (Finke, 2015; Gasco et al., 2016; Kroeckel et al., 2012; Magalhaes et al., 2017).

Insect meals contain variable amounts of chitin, structurally similar to cellulose, and
composed of glucosamine and N-acetylglucosamine polysaccharides. The protein content and
digestibility in insect cuticles vary, i.e. hard cuticles containing 70-85% protein and 15-30% chitin,
with soft cuticles having approximately 50% each (Jonas-Levi and Martinez 2017). However,
chitinolytic enzymes in fish gastrointestinal tracts can enhance protein availability, with optimal
chitin levels (e.g. 2 g kg”! in European seabass) improving growth and intestinal health (Zaki et al.,
2015), although excessive amounts may negatively impact weight gain (Sdnchez-Muros et al., 2016).
Moreover, insect proteins contain antimicrobial peptides which exhibit activity against pathogenic
bacteria, while enhancing specific innate immune responses and exerting selective
immunomodulatory effects in different fish species (Jézefiak and Engberg 2017).

In rainbow trout, red California earthworm (Eisenia fetida) meal could replace 66% FM
(Karabulut et al., 2020), whereas feeding frozen green worm (Allolobophora longa) and common
earthworm (Lumbricus terrestis) (Tacon et al., 1983) enhance growth performance. Regarding insect
meals, HI meal could totally replace FM without negatively affecting growth performance, nutrient
digestibility, somatic indices, and histo-morphological features in rainbow trout (Biasato et al., 2022).
The HI pre-pupae meal could replace up to 19.5% FM in European seabass (Magalhaes et al., 2017),
40% FM in turbot (Psetta maxima; Kroeckel et al., 2012), and 30% FM in gilthead seabream
(Karapanagiotidis et al., 2014) without affecting fish growth. Full-fat TM meal could replace 36%
FM in European seabass (Gasco et al., 2016), 40% FM in African catfish (Ng et al., 2001), and 50%
FM in ide (Leuciscus idus; Homska et al., 2022) without affecting growth performance. In addition,
HI oil could totally replace FO in rainbow trout (Dumas et al., 2018) and in striped catfish
(Pangasianodon hypophthalmus; Sudha et al., 2022) with no significant effects on fish performance.
Golden apple snail meal (Pomacea caniculata) could effectively replace 50% FM in giant river prawn
(Jintasataporn et al., 2004) and 100% FM in African catfish (Phonekhampheng et al., 2009) without
impairing growth and feed utilisation.
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The commercial production of insects for aquafeed has expanded rapidly since the EU 2017
authorisation of insect PAPs in aquaculture feed (IPIFF, 2021). However, scaling up production faces
challenges, including optimising rearing conditions and substrates to enhance nutritional profiles,
investigating long-term effects on fish health and product quality, and developing automated large-
scale production systems to ensure a stable, cost-effective supply for the aquafeed industry
(Veldkamp et al., 2022).

As detailed in Table 1.1, experimental studies on alternative animal nutrient sources as
substitutes for FMFO in aquafeeds often present findings that do not fully reflect global commercial
realities for tested inclusion levels. While research may investigate relatively high inclusion levels of
alternative animal meals and fats, the aquafeed industry typically incorporates these raw materials at
lower rates (Xiong and Xu, 2024). In addition, some novel animal ingredients (e.g. polychaete meals,
invertebrates’ terrestrial meals) tested in experimental conditions are barely utilised or completely
absent in commercial formulations. This discrepancy between research and industry practice arises
from several factors. Firstly, the cost-effectiveness of many alternative proteins and fats remains
challenging when compared to traditional FM and FO, especially at higher inclusion levels. Secondly,
the global supply chains for some novel ingredients (e.g. invertebrates’ meals) are still limited and
unable to meet potential large-scale demand. Then, regulatory restrictions in some markets further
limit widespread adoption. Additionally, the aquafeed industry tends to approach formulation
changes cautiously, often preferring incremental adjustments to radical shifts (Naylor et al., 2023;
Naylor et al., 2021; Tacon et al., 2011; Turchini et al., 2019).
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Table 1.1. Current percentage of inclusion (% ranges) of alternative animal sources in industrial aquafeeds for major farmed species groups

(data from aquafeed industries surveys of Bureau, 2006; Hua et al., 2019; Tacon et al., 2011).

Salmons' Trouts® lz,f:lf;:f Carps’ Catfishes® Tilapias Eels m(i;fis Cachama Milkfish sllﬁ?:;gzﬁ Fr;::x:er IZT;;Z ;tee:
Aquatic animal sources
Fishmeal (by-products) 20-40 15-40 20-65 0-12  0-15  0-25 55-65 4-12 7-18  5-10  5-40  20-65 5-10
Fish oil (by-products) 10-25 5-25 520 3-6 1-6 - - - 3.5 1-9 0-7 0-5
Krill meal 5-10 5-10 , , , - - - -
Squid meal - - - - - 1-10 3-10
Terrestrial animal sources
Blood meal 1-8 1-10 1-10 - - - _ _ _ i, 1-5
Hydrolysed feather meal 10-20  5-20 5-10 - - _ _ 5-10 i,
Meat and bone meal 10-20  5-20 5-10 i . - - - - i,
Meat meal 10-30  10-30  10-30 - - - - - 2-30 -
Poultry meal (by-products) 1020  5-30 10-30 2-4 _ . . - - 2-30 i,
Poultry oil 10-20 1020  0-10 20-30 24 - - - - - -

! Atlantic salmon, coho salmon, chinook salmon; ? rainbow trout, sea trout; * barramundi, cobia, cods, groupers, halibuts, seabass, seabreams, tunas,
yellowtail; # grass carp, common carp, crucian carp, catla, rohu; > channel catfish, pangasiid catfishes; ¢ whiteleg shrimp, giant tiger prawn. -: no data

(not provided or unavailable).
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Plant nutrient sources

In the following sections, the main alternative vegetable raw materials for aquafeed are
examined, focusing on their nutrient profiles, processing techniques, FMFO replacement rates, and
potential use in practical formulations.

Plant meals and oils. The primary meals and lipid sources derived from plants that are
commercially available include:

e cereals, including by-product meals and oils: include milled/processed cereals
(maize/corn, wheat, rice, barley, sorghum, oats, rye, millet, triticale, etc.); by-product
meals (corn/maize gluten, wheat gluten, dried distillers’ grains with soluble, cereals
protein concentrate, rice bran, wheat bran); and extracted oils (corn/maize, rice).

Cereals and their by-products are daily incorporated into aquafeed formulations due to their
low cost, high availability, and ability to provide essential nutrients. However, as for most of plant
alternative sources, they may contain high amounts of cellulose, imbalance amino acid profile, and
some antinutritional factors (ANFs), such as phytic acid and inhibitors, that could compromise fish
growth performance, feed digestibility and palatability, and overall health if not properly processed
or supplemented (Hussain et al., 2024).

As a general rule, whole cereal-derived meals are integral components in aquafeed
formulations, acting as energy sources and functional additives. During extrusion, starch
gelatinisation improves pellet binding and expansion, but their inclusion levels are limited by low
protein content and the presence of non-starch polysaccharides. Conversely, cereal protein
concentrates and vital gluten meals can substitute FM due to their higher protein content, despite
supplementation with synthetic amino acids is being often needed (Sarac and Henry, 1998).

Maize (corn) typically contains 5-12% crude protein, 3-8% oil, and 70% starch (New, 1987).
Extrusion processing of maize increases starch gelatinisation from 5-20% to 85-100%, enhancing
digestibility in fish (Mohamed, 2021). On the other hand, corn gluten meal (CGM) is a corn by-
product obtained by wet grinding process (Wang et al., 2016). The CGM is commonly used in
aquafeed due to the wide availability, high protein content (70%), and few ANFs compared to other
plant proteins (Glencross, 2016). However, deficiency in EAAs, i.e. lysine (0.8 g 100g ! on DM basis)
and arginine (1.5 g 100g™!), and non-soluble carbohydrates, i.e. raw starch up to 20%, limits its
inclusion in fish feed (Corradini et al., 2011). Nevertheless, 60% FM could be replaced by CGM
(addition of synthetic lysine and arginine) in spotted rose snapper (Lutjanus guttatus) without
compromising growth rates (Hernandez et al., 2021), and 40% FM could be replaced by CGM without
synthetic AA addition in Ussuri catfish (Pseudobagrus ussuriensis; Bu et al., 2018). The non-soluble
carbohydrates could be reduced by enzymatic treatment and converted to corn protein concentrate
(CPC) with high protein content (about 80%) (Nguyen and Davis, 2016). The CPC could substitute
15% FM in Siberian sturgeon (Acipenser baerii; Taati et al., 2022) and 8% FM in rainbow trout
(Hosseini Shekarabi et al., 2021) without affecting growth performance.

Wheat, containing 10-15% crude protein and 60-65% starch, is often preferred to corn in
extruded feeds due to its superior binding properties (New, 1987). Vital wheat gluten meal (WGM),
isolated via wet extraction by washing out non-protein compounds, preserves functional properties
post-rehydration, enhancing its usefulness in fish feed formulations by increasing protein content (up
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to 80%) and improving technological characteristics such as cohesiveness and mixing tolerance
(Schopf et al., 2021). The WGM has been used as an FM substitute in rainbow trout (Pfeffer et al.,
1992), Atlantic halibut (Helland et al., 2006), European seabass (Messina et al., 2013), large yellow
croaker (Larimichthys crocea; Wang Ping et al., 2018), without adverse effects on fish growth or
health. In Caspian brown trout (Salmo trutta caspius) 50% FM could be replaced by a blend of WGM
and barley protein concentrate without compromising growth (Zaretabar et al., 2021).

Other cereal by-product, less widespread in aquafeed with respect to the abovementioned
ones, is rice protein concentrate (RPC). It is a by-product of rice processing, it contains about 70%
protein and 10% lipid, but it is deficient in lysine (0.5 g 100g"! on DM basis) (Hussain et al., 2024).
Enzymatically treated (ERP) and fermented rice proteins (FRP), both derived from RPC processing,
offer enhanced digestibility and reduced antinutritional factors in fish feed, with improved functional
properties, although research on their aquafeed applications remains limited (Amagliani et al., 2017).
The RPC could replace 25% FM in Nile tilapia, enhancing the antioxidant capacity,
immunocompetence, and disease resistance (Reda et al., 2022).

Distillers grains (DG) and distillers dried grains with solubles (DDGS) are cereal by-products
from ethanol production and derived from starch-rich grains, such as corn, cassava, rice, millet,
wheat, barley and sweet potato. They typically contain 30% protein, 10% lipid, and 11% crude fibre
(New, 1987). The DDGS are valuable ingredients due to their vitamin B complex, growth-promoting
factors, and fermentation-derived saccharides, while lacking many ANFs present in other plant
protein sources. Further processing can produce high-protein distillers dried grains (HP-DDGS) with
approximately 40% crude protein content (Hussain et al., 2024). The HP-DDGS could replace 50%
FM without compromising the growth and survival of yellow perch (Perca flavescens; Von Eschen
et al., 2021) and 25% FM, maintaining favourable growth rates and feed utilisation in striped catfish
(Allam et al., 2020).

e oilseed meals and oils: include full-fat (soybean) and solvent extracted oilseed meals
(soybean, rapeseed, cotton, groundnut/peanut, sunflower, palm kernel, copra); by-
product meals (soybean protein concentrates, rapeseed/canola protein concentrate);
and extracted oils (palm, soybean, rapeseed, sunflower, linseed, cottonseed, olive).

Oilseed meals and oils are frequently included in modern aquafeed formulations. They are
derived from different plant sources mainly through mechanical extraction or solvent processes.
These ingredients typically undergo further refinement, including heat treatment and enzymatic
modification, to enhance nutritional value (e.g. fermented products, protein concentrates) and reduce
antinutritional factors (Hussain et al., 2024).

Soybean meal (SBM), produced by solvent extraction and toasting, is introduced daily in
aquafeed and typically contains 45% protein and 20% fat (New, 1987). Despite its favourable amino
acid profile (e.g. 2.8-3.5 g 100g™! lysine on DM basis) and cost-effectiveness, high SBM inclusion
could impair fish growth, digestibility, and gut health due to ANFs, i.e. phytates, tannins, trypsin
inhibitors, and oligosaccharides (Uran et al., 2008). Bioprocessed SBM, particularly through
microbial fermentation processes (FSBM; e.g. Lactobacillus, Aspergillus, Bacillus, Saccharomyces),
could mitigate these negative effects by enhancing palatability, promoting beneficial gut microbiota,
and improving nutrient utilisation in aquatic species (Mukherjee et al., 2016). On the other hand,
soybean protein concentrate (SPC) is produced from defatted SBM through wet alcohol extraction or
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acid leaching to remove soluble carbohydrates and increase protein content by up to 70% (Zhu et al.,
2020). Given these attributes, SBM has been tested and included in aquafeed since 1980s. Without
affecting the growth and health of the fish, SBM could replace 15-75% FM with synthetic lysine,
methionine, taurine or inosine supplementation, or a maximum of 30% FM without supplementation,
in most carnivorous and omnivorous species. The FSBM could replace 25-50% FM in lots of
carnivorous and crustaceans, whereas SPC could substitute 40-100% FM in most carnivorous and
crustaceans (see Dersjant-Li, 2021; Hussain et al., 2024 and Kari et al., 2023 for reviews). Soybean
o0il (SO), another soybean by-product from solvent extraction, is one of the most widely available and
cost-effective oil products globally. It is known for its high digestibility and palatability, and it is
considered a valuable source of PUFAs (61%), especially linoleic acid, with a low amount of SFAs
(15%) and MUFAs (24%) (Du et al., 2008). The SO could replace up to 100% FO in diets for most
carnivorous and omnivorous species, although precautions should be considered to balance the fatty
acid profiles (see Radhakrishnan et al., 2024 and Turchini et al., 2009 for reviews). However, in the
last decade, the expansion of soybean cultivation has raised concerns about deforestation, particularly
in South America, prompting efforts to develop sustainable sourcing practices (Song et al., 2021).

Rapeseed meal (RSM) is a protein-rich feed ingredient (32-45%) with a relatively balanced
amino acid profile, economic viability, and wide availability. Despite its lysine content being lower
(1.9-2 g 100g"! on DM basis) than SBM (2.8-3.5g 100g™!), RSM is rich in sulphur amino acids (New,
1987). However, RSM contains various ANFs, i.e. tannins, phytic acid, sinapine, erucic acid,
glucosinolates, and indigestible carbohydrates, that can negatively impact fish growth, health,
palatability, and feed utilisation (Adem et al., 2014). Despite these challenges, RSM production has
increased significantly, making it the second most prevalent protein source after SBM in aquafeeds.
Notably, microbial and enzymatic processing of rapeseed proteins can produce bioactive peptides
with potential antihypertensive, immunomodulatory, and antimicrobial properties (He et al., 2013).
In addition, rapeseed protein concentrate (RPC), obtained through aqueous extraction and membrane
filtration, can contain up to 70% crude protein (Wanasundara et al., 2016). Without compromising
fish performance, RSM could replace 10-50% of FM in freshwater and marine carnivorous species
and up to 100% in omnivorous ones, although synthetic lysine additions or blends of plant meals were
used in some of these studies (see Kaiser et al., 2022 for a review). The RPC could replace 66% FM
in rainbow trout without effects on growth, health parameters and body composition (Kaiser et al.,
2021). Rapeseed/canola oil (RO), characterised by high levels of MUFAs (62%) and a favourable
omega-3 to omega-6 ratio (2:1), has demonstrated successful inclusion rates (i.e. of up to 100%
replacement of FO) in carnivorous and omnivorous species (Radhakrishnan et al., 2024).

Sunflower meal (SFM), a by-product of oil extraction, contains 40% protein, with favourable
levels of tryptophan (0.6 g 100g™ ! on DM basis) and methionine (1.2 g 100g ). Compared to SBM,
SFM has lower lysine (1.8-2.1 g 100g™") but higher acidic amino acids content (New, 1987).
However, its inclusion in aquafeed is limited by ANFs, such as arginase and protease inhibitors, high
fibre content, and phenolic compounds. These ANFs can be mitigated through enzymatic treatment,
enhancing nutrient digestibility and absorption in aquatic animals (Shchekoldina and Aider, 2014).
Research indicates that SFM could substitute up to 75% FM in diets for carnivorous and omnivorous
species, with a higher percentage of substitution for fermented products and additional xylanase
(Hossain et al., 2023; Hussain et al., 2024).

Cottonseed meal (CSM) is characterised by high protein content (50%), wide availability, and
cost-effectiveness. However, CSM is deficient in lysine (1.6-1.8 g 100g”" on DM basis) and contains
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ANFs, mainly gossypol, which could impair fish growth, fertility, and reproduction (New, 1987;
Dharmakar et al., 2022). To mitigate these constraints, cottonseeds undergo processing methods, e.g.
fermenting, dehulling, delinting, and solvent extraction, to produce fermented cottonseed meal
(FCM) or cottonseed protein concentrate (CPC) (Wan et al., 2018). The CSM could replace 100%
FM in snubnose pompano (7rachinotus blochii) with methionine and lysine supplementation (Prabu
et al., 2022), whereas low-gossypol CSM could substitute 35% FM in turbot (Zhang et al., 2022).
FCM and SPC could substitute up to 20% and 50% FM in carnivorous species, respectively (Hussain
et al., 2024).

Different plant-based oils, including palm, linseed, sunflower, and cottonseed oils, are widely
used as alternatives to FO in commercial aquafeeds. Palm oil (PO) contains high amounts of SFAs
(10-16%), diglycerides and free fatty acids. Linseed oil (LO) is particularly valuable due to its high
concentration of a-linolenic acid (50%), whereas sunflower oil (SFO) and cottonseed oil (CO) exhibit
high levels of linoleic acid (50-60%) (Turchini et al., 2009). Alone or in mixture, these oils could
replace up to 100% FO without compromising the growth and health of fish (Radhakrishnan et al.,
2024).

e pulses and pulses concentrate meals: include milled/processed pulses (peas, lupins)
and by-product meals (pea protein concentrate, lupin protein concentrate).

Pulses and pulses concentrate meals derived from legumes offer promising alternatives to
traditional protein sources in aquafeeds, but careful attention must be given to ANFs, such as
alkaloids, phytate, tannins, trypsin inhibitors, oligosaccharides, and polyphenolics, to avoid adverse
effects on fish health and performance.

Whole peas typically contain 25% protein, 10% lipids, and 70% carbohydrates, mainly starch.
Improvements in protein digestibility of field peas, as well as for all legume meals, were observed
with dehulling processing. Pea protein concentrate (PPC), produced by air classification or wet
extraction, can contain up to 55% crude protein. Wet extraction, involving alkaline solubilization (pH
9-10) followed by isoelectric precipitation (pH 4-5), could reduce ANFs (Glencross, 2016). For
instance, in Atlantic salmon 33% FM could be replaced by PPC, maintaining high protein (93.8%)
and energy (83.1%) digestibility, comparable to or exceeding those of SBM (Carter and Hauler,
2000).

Lupins often undergo dehulling and milling processes to improve their nutritional value. The
protein content of lupin meals ranges around 40-45%, depending on the species. Lupin protein
concentrate (LPC), produced by aqueous extraction (pH 8.5-9.5) and ultrafiltration, can achieve
protein contents of 70% and reduce ANFs (Glencross, 2016). Dehulling lupin meal and LPC could
replace up to 50% in diets for salmonids, cyprinids, perciforms, and shrimp (see Szczepanski et al.,
2022 for a review). Moreover, the high amount non-starch polysaccharide of lupins exhibits
hygroscopic properties, requiring more water during pellet extrusion. This, coupled with their protein
content, enhances pellet density and structural integrity in aquafeed manufacturing (Glencross et al.,
2010a), particularly important in closed aquaculture systems.
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As outlined in Table 1.2 and consistently with animal alternative ingredients, experimental
studies on alternative plant-based nutrient sources as FMFO substitutes in aquafeeds often support
findings that do not totally reflect industry realities. This research-industry disparity arises from
multiple factors: the nutritional profile of plant-based ingredients differs from those of FMFO,
requiring careful diet formulation; ANFs of some plant ingredients can limit inclusion levels in
aquafeeds; consumer perception and market demand for fish fed plant-based diets can vary,
influencing industry adoption rates. Additionally, the aquafeed industry often prefers consistent
product quality and fish performance over rapid, large-scale ingredient substitutions. Recently, some
aquafeed producers have begun prioritising locally sourced protein ingredients to reduce dependence
on global alternatives (e.g. soybean, rapeseed), thereby minimising costs, environmental impact, and
logistical challenges (Jamil et al., 2023; Naylor et al., 2023; Tacon et al., 2011).
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Table 1.2 Current percentage of inclusion (% ranges) of alternative plant sources in industrial aquafeeds for major farmed species groups (data
from aquafeed industries surveys of Hua et al., 2019; Tacon et al., 2011).

Salmons' Trouts’ 1:;[:;:5 Carps’ Catfishes’ Tilapias Eels m(:’;ﬁis Cachama Milkfish sll\l/i'?:;gzﬁ Fr;::‘v;flz::er IZES;;‘; ;teesr
Plant sources
Soybean meal 3-12 3-35  10-35 025 10-60 0-60 8-10 20-25 O0-13 35-40  5-40 15-25 -
Rapeseed/Canola meal 3-10 2-25 0-20 20-40 5-10  20-40 - - - - 0-20 5-10 -
Soy protein concentrate 0-8 0-8 5-10 - - - - - - - - - -
Corn gluten meal 10-40  3-40 4-25 - - 5-10 - - 0-6 - 15-25 - -
Cottonseed meal 0-12  0-12 - - 10-20  0-25 - - - - - - -
Field pea meal 0-3 3-10 2-10 - - 1-4 - - - - - - -
Faba bean meal 0-5 0-8 10-15 - - - - - - - 1-4 - -
Groundnut/Peanut meal - - - 0-30 0-30 - - - - - 4-20 15-20 -
Lupin kernel meal - - 5-15 - - - - - - - 5-15 - 5-30
Maize/Corn 0-5 0-15 0-20 0-50  15-20 20-40 - 3040 10-25 - 0-20 5-10 -
Mustard seed cake - - - 0-10 0-10 - - - - - - 15-20 -
Rice bran - - - - - 10-30 - 5-10  15-20 15-20  0-15 5-10 10-30
Soy lecithin - 2-3 - - 1-4 - - - - - - 1-2 -
Sunflower seed meal 5-9 2-10 5-10 - - - - - - - 2-10 - -
Wheat products’ 10-20  5-20 1-20 0-50 10-20 22-34 15-20 10-25 2546 15-20 3-30 5-25 2-40
Soybean oil 10-20 10-20 - - 1-4 2-8 6-8 - 0-2 5-8 - 4-5 -
Rapeseed/Canola oil 5-15  5-15 3-6 - - - - - - - 5-10 - -

! Atlantic salmon, coho salmon, chinook salmon; ? rainbow trout, sea trout; * barramundi, cobia, cods, groupers, halibuts, seabass, seabreams, tunas,
yellowtail; 4 grass carp, common carp, crucian carp, catla, rohu; > channel catfish, pangasiid catfishes; ® whiteleg shrimp, giant tiger prawn. ’ wheat,

wheat gluten meal, wheat flour, wheat bran, wheat middling. -: no data (not provided or unavailable).
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Novel raw materials

Novel feed ingredients refer to non-traditional raw materials derived from plant, animal, or
microbial sources which, after extensive research, development, and scaling, could be used as viable
alternatives to conventional aquafeed ingredients in significant commercial volumes. These include
mass-produced algae (macro and microalgae), thraustochytrids, tunicates, and mixed single-cell
ingredients (SCI) (Panteli et al., 2024).

Macroalgae, divided into Chlorophyta (green), Rhodophyta (red), and Phaeophyta (brown),
have variable proximate composition depending on species, seasonality (i.e. temperature, salinity,

and light), and the geographic localisation (Makkar et al., 2016). Red seaweed species (e.g. Chondrus
crispus, Gracilaria sp., Pyropya sp.) have high protein content (up to 50%), whereas brown seaweeds
(e.g. Spatoglossum macrodontum, Dictyota acutiloba, and D. sandvicensis) are rich in lipids (up to
20%), especially EFAs. They are rich in carotenoids and vitamins, which contribute to fish
pigmentation and offer functional antioxidant, anti-inflammatory, and immunostimulatory properties
(Holdt and Kraan, 2011). Physical treatments of the algal cell walls (e.g. enzymatic and chemical
hydrolysis, solvent extraction, fermentation, freeze-drying) are often needed to improve protein
digestibility. Seaweeds are also a good source of phycocolloids (e.g. agar, alginates, carrageenan),
polysaccharides used in aquafeeds to improve pellet stability in water (Panteli et al., 2024).
Challenges of their industrial application include the potential accumulation of toxic trace elements
and the high costs associated with drying processes, for which new techniques are being explored to
improve efficiency (Wan et al., 2019). Low inclusion levels of the abovementioned seaweed (2.5-
25%), as FM alternatives or functional ingredients, guarantee favourable growth performance and
enhance antioxidant capacity and immune response in gilthead seabream, European seabass, rainbow
trout, and Atlantic salmon (see Panteli et al., 2024 for a review).

On the other hand, microalgae could be used as FMFO alternatives or supplements due to
their favourable content of protein (30-70%), lipid (4-40%; in particular EPA, DHA, and ARA),
vitamin, and minerals (Roy and Pal, 2015). In addition, some microalgae contain high amounts of
astaxanthin, a pink pigment that could provide an attractive reddish colour to fish fillets and have
antioxidant and immunostimulatory properties (Yaakob et al., 2014). As for the macroalgae, the cell
wall needs physical treatment to prevent low digestibility rates in fish (Shah et al., 2018). In Atlantic
salmon, 20% of FM could be replaced by algal meal from different microalgae species such as
Nanofrustulum, Tetraselmis, Desmodesmus, Phaeodactylum, and Pavlova without compromising
survival, growth, and feed nutrient digestibility and utilisation (Panteli et al., 2024), whereas dried
biomass of Tetraselmis and Isochrysisin could effectively replace 20% FM and 36% FO respectively
in European seabass (Tibaldi et al., 2015; Tulli et al., 2012).

Limits in the expansion of microalgae biotechnology are the expensive production costs and
the scarce number of large-scale production systems (e.g. photobioreactors, fermentation systems)
(Garrido-Cardenas et al., 2018).

Thraustochytrids are marine obligate heterotrophic unicellular protists unable to
photosynthesise, so they require organic matter to grow (Lee Chang et al., 2020). The five genera
Thraustochytrium, Aplanochytrium, Japonochytrium, Ulkenia, and Schizochytrium are promising as
aquafeed ingredients due to high levels of LC-PUFAs (mainly DHA), carotenoids, squalene, and
exopolysaccharides (Morabito et al., 2019). In detail, Schizochytrium sp. contains high lipid levels
(up to 75%, of which 49% DHA), so it could entirely replace FO in Atlantic salmon without affecting
growth performance and digestibility (Tibbetts et al., 2020). In gilthead seabream, Schizochytrium sp.
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with a supplementation of EPA-rich microalgae could totally replace FO (Karapanagiotidis et al.,
2022). In fact, one of the main constrains in the introduction of thraustochytrids in aquafeed is the
low level of EPA together with the recalcitrant cell walls and the high levels of non-starch
polysaccharides (NSPs) (Panteli et al., 2024).

Tunicates (ascidians) are filter-feeding invertebrates growing in shallow ocean waters and
consisting of an outer tunic rich in cellulose, protein and ash, and an inner part rich in protein and
omega-3 fatty acids (Kousoulaki et al., 2022). They also contain bioactive compounds with
antibacterial, antifungal, and antioxidant properties (Palanisamy et al., 2017). Due to their rapid
growth and efficient mass production potential, tunicates could serve as a sustainable ingredient in
aquaculture feeds (Samuelsen et al., 2022). For instance, tunicate (Ciona intestinalis) meal could be
included in diets for Atlantic salmon, producing high growth rate and low feed conversion ratio
(Kousoulaki et al., 2022). However, careful processing is needed to reduce toxic heavy metals from
their tissues (Tzafriri-Milo et al., 2019).

Single-cell ingredients (SCI: single-cell proteins SCP, and single-cell oils SCO), including
bacteria, fungi, and microalgae, have recently gained a lot of attention as sustainable aquafeed
alternatives. However, their large-scale use is limited by expensive production costs (Glencross et al.,
2020). Recent advancements aim to reduce these costs by utilising feedstocks like wastewater,
industrial and agricultural residues, and bioindustry by-products, through different production
processes such as aerobic, anaerobic, or photosynthetic bioreactors (Jones et al., 2020). Fungi SCPs,
particularly yeast (e.g. Candida sp., Saccharomyces cerevisiae), have been studied for their relatively
high protein (45%), energy and micronutrient contents, and high digestibility (average 80%)
(Shurson, 2018). Yeast SCI could be efficiently included in salmonids diets (25-50%), although issues
like low palatability and high nucleic acid content may pose some challenges (Glencross et al., 2020).
Bacterial SCP (e.g. genera Spirulina, Methylococcus, and Methylophilus) are promising aquafeed
ingredients due to their good digestibility (average 86%), high protein content (60%), and balanced
amino acid profile, although their chemical composition has a great variability depending on
production conditions (e.g. temperature, drying time, organic substrate, harvesting time, and storage)
(Glencross et al., 2020). In Atlantic salmon, 36% inclusion of Methylococcus SCP improved growth
and feed efficiency (Aas et al,, 2006), where the same results were obtained with 50% FM
replacement in rainbow trout (Zamani et al., 2020). The SCP from Corinebacterium glutamicum
could be incorporated up to 20% in the diet of gilthead seabream without impairments on growth,
feed intake and health parameters (Marchi et al., 2023). Moreover, the unique functional properties
of microbial ingredients (e.g. high water-binding capacity, small particle size) may affect feed
manufacturing, particularly during extrusion, by altering dough rheology, pellet density, expansion,
and water stability. Thus, adjusting extrusion parameters like barrel temperature, screw configuration,
and moisture content is often needed to maintain optimal feed qualities (Glencross et al., 2020).
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Sustainable farming: Recirculating Aquaculture Systems (RAS)

More than 50% of global fish consumption is currently met through aquaculture, which plays
a crucial role in sustainable seafood production, offering an economically and environmentally sound
alternative to wild fish harvesting (FAO, 2024). However, traditional aquaculture methods,
particularly coastal and open-ocean net cages, are susceptible to climate change, storms, and pollution
from human activities. Large-scale operations can harm the environment by causing pollution,
depleting wild resources, and spreading diseases and invasive species (Maulu et al., 2021).

Next-generation aquaculture, especially Closed Aquaculture Systems (CAS) like
Recirculating Aquaculture Systems (RAS), Aquaponics (AQ), and Integrated Multi-Trophic
Aquaculture (IMTA), represent a revolutionary approach to fish production. These systems show
significant conservation success, socioeconomic benefits, and scalability, resembling historical shifts
in terrestrial animal farming. The CASs offer cost-efficiency and reduced environmental impacts,
while ensuring consistent production and disease control (Zhang et al., 2023a). They also align with
the FAO Code of Conduct for Responsible Fisheries, offering a sustainable trajectory for the industry
(Bregnballe, 2022).

RAS assembly and functionality

RAS component and management

Recirculating Aquaculture Systems (RAS) represent an innovative advancement in
sustainable aquaculture, offering a controlled environment for intensive fish production while
minimising water use and environmental impact. In a nutshell, RAS are land-based closed aquaculture

facilities, outdoors or indoors, that minimise water consumption by filtering, regulating and reusing
water (Bregnballe, 2022). A typical RAS theoretically recycles 90% to 99% of the water used,
allowing fish stocking densities that can reach over 100 kg of fish per m® of water, significantly higher
than traditional systems (Gichana et al., 2018; Mugwanya et al., 2022). The fundamental components
of RAS (Figure 1.4) work in synergy to maintain optimal water quality and promote fish health, with
each element playing a crucial role in the system’s overall efficiency and effectiveness, as detailed
below.
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Figure 1.4. Schematic overview of a Recirculating Aquaculture System (RAS) (modified
from EUMOFA, 2020).

1. Fish are cultured under precise and high-controlled conditions into the rearing tanks. The
rearing tanks, typically circular or rectangular, range from 10 to 1000 m3 in volume, depending on
the scale of the operation. Although rectangular tanks are daily used in commercial RAS for space
optimisation, circular tanks are often preferred for their self-cleaning properties. These tanks,
designed with a central drain and peripheral water inlets for efficient solids removal and oxygen
distribution (Masser et al., 2000), rely heavily on the stocking density of farmed fish to maintain
optimal water quality, which ultimately and directly affects the overall efficiency of the system. The
optimal stocking density depends on the fish species being cultured due to different biological and
behavioural needs: carps RAS-farming could reach 32 kg per m?; tilapias juveniles 37 kg per m’;
salmonids 40-100 kg per m?; catfishes 16-500 kg per m®; turbots 15 kg per m?; seabreams 80-120 kg
per m’; seabasses 45-80 kg per m®; shrimps 9000 animals per m*; oysters 50 animals per ml (see
Mugwanya et al., 2022 for a review). In high-tech RAS the monitoring of fish behaviour and feed
intake in rearing tanks has been enhanced through the use of computer vision systems and acoustic
feeders, allowing for more precise management of feeding regimes and early detection of health
issues (Liu et al., 2014).

2. From the rearing tanks, water flows to the mechanical filtration system, which is crucial
for removing solid waste particles. Microscreen drum filters are commonly employed, featuring
screen sizes up to 100 microns. These filters can remove 50-80% of suspended solids, processing
water at rates of 25-200 m3 per hour per m? of screen surface area, which ranges 2-28 m* (Ali et al.,
2013). For finer particle removal, foam fractionators or protein skimmers are used, especially in
marine RAS. These units can remove dissolved organic compounds and fine particulates down to 30
microns, improving water clarity and reducing the load on biofilters (Brambilla et al., 2008). The
integration of belt filters for continuous solid waste removal has the potential to reduce labour and
improve water quality stability (Kujala et al., 2020).
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3. The biological filtration system converts toxic ammonia to nitrite and to less harmful nitrate
through nitrification process. Moving bed biofilm reactors (MBBR) have gained popularity due to
their high surface area to volume ratio, typically 350 m? m3. These reactors use plastic media, namely
carriers, with a specific density of 0.95 g per cm?, which act as a substrate for the growth of nitrifying
bacteria. The carriers are kept in constant motion by aeration or mechanical mixing, maximising
bacterial contact with the water and enhancing the biofiltration efficiency. The MBBRs can achieve
nitrification rates of about 1 g NH4-N per m? per day, depending on orgnic load, dissolved oxygen,
total ammonia nitrogen, temperature, pH and alkalinity (Rusten et al., 2006). On the other hand, fixed-
bed biofilters, such as trickling filters, offer an alternative with surface areas of about 200 m? m3 and
can handle nitrification rates of about 0.8 g NH4-N per m? per day (Eding et al., 2006). Recent research
has focused on optimising carriers design and hydraulic conditions to enhance nitrification rates and
reduce start-up times (Shitu et al., 2022).

4. Degassing and oxygenation are critical for maintaining optimal dissolved gas levels.
Forced-draft degassing columns, typically 1-3 meters in height, can remove up to 90% of dissolved
CO», depending on water flow rates and air-to-water ratios (Colt and Bouck, 1984). Low head
oxygenators (LHO) and oxygen cones are used for water oxygenation and can achieve supersaturation
levels up to 230% saturation. These systems typically operate with an average hydraulic loading rate
of 40-50 litres per sec per m? and can transfer 1.5-3 kg O, per kWh of energy input (Vinci et al.,
2016). The integration of these systems with real-time monitoring of dissolved gases has allowed for
more precise control of water quality parameters (Lindholm-Lehto et al., 2023).

5. Disinfection in RAS often involves ultraviolet (UV) irradiation or ozonation. The UV
systems typically deliver doses of 30-50 mJ cm™2 for general disinfection, with higher doses up to 180
mJ cm2 for specific pathogens. Modern medium-pressure UV lamps can treat water flows of 50-500
m3 per hour per lamp, depending on water quality and target organisms (Sharrer et al., 2005). Ozone
systems in RAS typically maintain residual concentrations of 0.01-0.4 mg L™ in the culture water,
with ozone production rates of 10-15 g Os per kg of feed administrated (Brazil et al., 1996).

6. Temperature control is achieved through heat exchangers, which transfer heat between
fluids, and chillers, which remove heat using refrigeration cycles to cool water. Plate heat exchangers
are common, with high efficiencies in heat recovery. These systems can handle temperature
differentials of 5-10°C and typically process 20-100 m3 of water per hour per m? of plate area (Lamb,
2011). The integration of heat pumps and geothermal systems has further improved the thermal
efficiency of RAS, particularly in regions with extreme climates (Farghally et al., 2014).

7. RAS management involves continuous monitoring and control of water quality traits, which
is critical for maintaining optimal fish health and growth conditions. Modern systems employ
sophisticated online probes and analysers able to measure a wide range of parameters at high
frequency, often in real-time (Lindholm-Lehto et al., 2023).

In detail, dissolved oxygen (DO) is typically maintained at 5-7 mg L' for most species, with
a minimum of 5 mg L' and saturation levels not exceeding 200% to prevent gas bubble disease
(Timmons et al., 2018). The pH is usually kept between 6.5 and 7.5, with species-specific optimal
values. Moreover, maintaining a stable pH is crucial for both fish health and biofilter efficiency (Jafari
et al., 2024). Temperature control is species-dependent but generally ranges from 10°C to 30°C, with
precision control of +1-2°C often required (Timmons et al., 2018). Nitrogenous compounds are of
particular concern in RAS. Total ammonia nitrogen (TAN) should be kept below 1.0 mg L™ (Molleda
et al., 2007), with unionized ammonia (NH3) not exceeding 0.02 mg L™ due to its high toxicity
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(Summerfelt et al., 2015). Nitrite-nitrogen (NO>-N) levels should remain below 0.1 mg L' in
freshwater systems (Timmons et al., 2018), whereas marine systems can tolerate slightly higher levels
due to the protective effect of chloride ions (Zhang et al., 2023b). Nitrate-nitrogen (NO3-N), the end
product of nitrification, is less toxic but should ideally be maintained below 100 mg L™! in most
systems, though some species can tolerate levels up to 400 mg L' (Molleda et al., 2007; Timmons et
al., 2018). Solid waste monitoring includes total suspended solids (T'SS), which should be kept below
20 mg L', with optimal levels below 10 mg L™! for many species (Hagopian and Riley, 1998) and
turbidity, often used as a proxy for TSS, should ideally be below 25 NTU for optimal fish health and
RAS performance (Mwegoha et al., 2010). Organic matter load, measured as biochemical oxygen
demand (BOD, i.e. the amount of oxygen utilised by aerobic microorganisms to break down organic
matter in water) and chemical oxygen demand (COD, i.e. the amount of oxygen needed to chemically
oxidise total organic and inorganic pollutants in water, without the involvement of microbes), is an
important indicator of the organic load on the biofilter and the overall system efficiency. In well-
managed RAS, BODs (5-day BOD) should be maintained below 5-10 mg L™!, whereas COD should
be kept under 30-50 mg L~ (Hambly et al., 2015). Carbon dioxide (CO») levels should be kept below
15-20 mg L' for most species, with some cold-water species tolerating up to 80 mg L™! (Molleda et
al., 2007; Timmons et al., 2018). Alkalinity, crucial for pH stability and nitrification, should be
maintained between 50-300 mg L' as CaCO3 (Summerfelt et al., 2015; Timmons et al., 2018). Other
important traits include salinity, which varies widely depending on the species but must be tightly
controlled in each system. Oxidation-reduction potential (ORP) is often monitored, especially in
systems using ozonation, with target values typically between 250-350 mV (Schmidt et al., 2018).
Trace minerals and heavy metals also require monitoring. For instance, cadmium should be kept
below 11 ug L', copper below 5 ug L™! in freshwater (lower in soft water), and zinc below 30 ug L™
(Alabaster and Lloyd, 1980).

These water quality traits are interdependent, and their management requires a holistic
approach. Modern RAS employ integrated control systems that continuously monitor these traits and
adjust treatment processes accordingly. For example, multiparameter probes can measure DO
(accuracy 0.1 mg L1), pH (£0.1 units), temperature (£0.1°C), and specific ions like ammonia and
nitrate (+5% of reading) at intervals as short as every second. This data is processed by an automated
control system (e.g. PLC) that adjusts aeration, pH, feeding rates, and water treatment processes to
maintain optimal conditions. Such precise control allows RAS to operate at high intensities while
ensuring fish welfare and system stability (Lindholm-Lehto et al., 2023).

Sustainability and perspectives
As already mentioned, RAS represent a paradigm shift into sustainable fish farming, offering

different environmental and economic advantages with respect to traditional farming systems. RAS
demonstrate remarkable water conservation, recycling up to 99% of water with only 0.1-1 m3 of
effluent produced per kg of fish. This efficiency significantly mitigates water pollution concerns, with
nutrient removal rates reaching up to 99.9% for suspended solids, 99% for phosphorus, and 97% for
nitrogen (Martins et al., 2010). Being land-based, RAS facilities occupy 0.05-0.1 hectares per 100
tons of annual production, compared to 1-2 hectares for traditional pond systems (Bregnballe, 2022),
reducing impacts on coastal habitats and addressing issues related to habitat alteration. In addition,
strategically placed RAS facilities in local communities could reduce transportation-related carbon
emissions by about 70% compared to imported seafood (Ayer and Tyedmers, 2009; Liu et al., 2016).
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The closed nature of RAS reduces risks of disease transmission to wild populations and completely
eliminates the possibility of escapes. Additionally, strict biosecurity protocols in RAS facilities have
led to a drastic reduction in antibiotic use compared to open-pen systems (Martins et al., 2010; Roque
d’Orbcastel et al., 2009). Moreover, through precise environmental control, these systems can achieve
feed conversion ratios (FCR) lower (0.8, on average; salmonids) compared to those achieved in open-
pen (1.30) or flow-through (1.0) systems, resulting in growth rates 10-15 times higher (Liu et al.,
2016; Philis et al., 2019). Despite higher initial investment costs (USD 55 million) compared to those
of an open system (USD 30 million), RAS systems have shown consistent profitability with solid
internal rates of return while also generating jobs, including opportunities for low-skilled workers
(Bregnballe, 2022).

However, despite the several benefits of RAS, several challenges remain that must be
addressed to optimise their performance. A more in-depth focus on technological innovation and
development is necessary, as advancements in system design, water filtration, and waste management
could significantly enhance operational efficiency and reduce both capital and operational expenses.
Moreover, the long-term economic sustainability of RAS is contingent upon careful management of
operating expenses, which encompass energy consumption, water treatment, labor, and maintenance
(Bregnballe, 2022; Liu et al., 2016). The strategic selection of the site for RAS facilities is another
critical factor that impacts system performance and environmental outcomes. Factors such as
geographic location, facility size, proximity to reliable water sources, and water quality must be
considered to ensure the stability of operations (Liu et al., 2016). Inadequate or variable water quality
can lead to stress and disease in fish populations, potentially reducing the efficiency of the system. In
addition to environmental factors, highly skilled operators and managers are essential for ensuring
the effective implementation of complex system operations, maintaining biosecurity, optimising
water quality, and troubleshooting potential issues. As such, the development of a skilled workforce
is fundamental to the operational success of RAS, particularly as these systems are technologically
advanced and require precise management to function optimally (Bregnballe, 2022). Fish health and
welfare remain a paramount consideration in RAS, particularly concerning the impact of water quality
and fish density on overall health. Conditions such as nephrocalcinosis, which is linked to poor water
quality and high mineral content, can significantly affect fish welfare and growth (Chen et al., 2001).
Early sexual maturation, which may occur under stressful conditions or in systems with high-density
stocking, can also compromise fish quality and lead to production inefficiencies (Good and Davidson,
2016). Additionally, the risk of disease outbreaks remains a challenge, as pathogens can thrive in the
densely stocked and closely monitored environments of RAS (Martins et al., 2010). In addition,
maintaining high product quality is essential for market success, and particular attention must be paid
to issues such as off-flavour or taste-tainting compounds, which can arise from different
environmental factors, including water quality and feed composition (Lindholm-Lehto et al., 2020).
Biofilm formation in the system is another critical concern, as it can harbor harmful microorganisms
and reduce the efficiency of filtration and water circulation systems (Bregnballe, 2022).

Future developments aim to decrease energy consumption, which nowadays typically range
17-23 kWh per kg of fish produced, through improved system designs and renewable energy
integration (Badiola et al., 2017b). In this regard, solar photovoltaic systems are being increasingly
adopted and have the potential to offset more than 50% of RAS energy requirements, whereas wind
and tide energy integration are little investigated but promising sources. In addition, geothermal heat
pumps are being explored for temperature regulation, potentially reducing heating and cooling energy
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demands (Badiola et al., 2018). On the other hand, biofloc technology (BFT), as a cutting-edge waste
management system, promotes the growth of beneficial microorganisms in the aquaculture
environment, which aggregate to form “bioflocs”. These flocs are composed of bacteria, algae, and
protozoa that actively convert organic waste, uneaten feed, and excreted nitrogen compounds into
microbial biomass, effectively reducing environmental pollutants. This microbial biomass can then
be consumed by the fish, providing an additional, protein-rich feed source that can help reduce
external feed inputs (Emerenciano et al., 2013). The improved nutrient recycling within BFT systems
can also stabilise water quality parameters, minimising the frequency of water exchanges and
lowering operational costs. This is particularly significant in RAS, where nitrate and phosphate
accumulation pose a major challenge. If not properly managed, these nutrients can contribute to
eutrophication in receiving water bodies when wastewater is discharged. Moreover, the treatment and
disposal of this wastewater represent significant costs. In addition, BFT’s natural biofiltration can
contribute to enhanced disease resistance in fish by maintaining a healthier, more balanced aquatic
ecosystem, ultimately leading to better growth rates and FCR (Liu et al., 2021). Artificial Intelligence
(AI) and Internet of Things (IoT) technologies are revolutionising RAS management. Al-driven
predictive maintenance systems can reduce equipment downtime and maintenance costs. IoT sensors
and big data analytics are enabling real-time water quality monitoring and automated system
adjustments, potentially improving fish growth rates and reducing mortality (see Rather et al., 2024
and Rastegari et al., 2023 for reviews).

Fish feeding in RAS

RAS optimised feed

Despite basal nutritional requirements remaining consistent across traditional and RAS
aquaculture, fish performance in closed systems is significantly influenced by water quality,
particularly in RAS, where feed is still not optimised for these system (Flo et al., 2024).

Physical characteristics
Most research on the value of new aquafeed ingredients focuses on fish growth, digestibility,
and health, whereas the evaluation of the effects of these ingredients on the physical quality of the
pellets is often neglected despite requiring careful considerations (Sgrensen, 2012), particularly in
feeds designed for specialised systems like RAS. In detail, RAS feed pellets must be firm, uniform,
and durable to withstand mechanical stress during transport and handling (Aarseth et al., 2006). Since
pellets are subjected to different forces during their management, such as impact, compression, and
shear, standardised methods are available for assessing the physical quality of pellets, although many
techniques developed for terrestrial animal feeds are not directly applicable to aquafeed (Winowiski
et al., 1995):
e Hardness (strength at rupture) of the pellet depends on the degree of expansion, ingredients
(higher in plant vs. animal meals), and processing conditions, with optimal values range 20-
80 Newton (Glencross et al., 2010b). Pellets that are too hard can cause digestive problems,
like swelling or ruptures of the stomach, whereas pellets that are too soft or not stable in
water may cause oil separation in the stomach, leading to severe issues in stressed fish (Aas
et al., 2011a) potentially releasing compounds that pollute the rearing water.
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e Durability, described as the tendency to prevent fines during handling, is considered optimal
when >90% using methods which test the effects of impact and shear forces during
pneumatic transport (e.g. Holmen, DORIS) (Aas et al., 2011b).

e Sinking rate depends on water temperature, salinity, and density, but it is considered optimal
when it is allowed sufficient time for fish to consume the feed while preventing excessive
suspension in the water column (Azetsu-Scott and Johnson, 1992).

e Bulk density determines the floatability or sinking velocity of pellets, i.e. floating pellets are
more expanded and have lower bulk density compared to sinking pellets. It needs to be
higher than 525 g L' for high-energy sinking pellets for marine RAS (Glencross et al.,
2011). Pellets density needs to match the feeding behaviour of the different species, whether
they are surface, water column, or bottom eaters.

e Fat absorption capacity during vacuum coating depends on the expansion ratio (20-30%
for sinking pellets) and bulk density, which must be optimised to maintain nutritional
balance and ensure uniform fat distribution within each pellets batch (Hillestad and Johnsen,
1994).

e Qil leakage from RAS-high-energy diets reduces energy content and alters the nutritional
profile. Additionally, oil can form a sticky layer in pneumatic conveying systems, which
may eventually block pipes (Sgrensen, 2012).

o  Water stability is crucial for species that feed slowly, as feed must remain in the water for
hours without significant nutrient leaching. For this purpose, pellet binders (e.g. soluble
carbohydrates, starch) are included to enhance water stability in RAS aquafeed, with >90%
of pellet integrity maintained after 1 hour of immersion considered as the optimal reference
term (Baeverfjord et al., 2006)

Extrusion processing of aquafeeds, involving heating, kneading, and shearing, can influence
fish nutrient digestibility, growth rate, and feed conversion efficiency. Extrusion temperatures
between 100°C and 150°C do not affect the digestibility of proteins, amino acids, or energy in FM-
based diets, whereas higher temperatures can improve growth and feed conversion rates (Sgrensen et
al., 2005). However, an excessive retention time in the extruder (>0.5-2 minutes) may negatively
impact feed intake and weight gain (Barrows et al., 2007) due to protein damage associated with high
temperatures (>150°C). In addition, moisture content during extrusion is crucial for preserving feed
nutritional quality, with recommended levels around 250-300 g kg™ to prevent nutrient losses and
improve nutrient availability and digestibility (Sgrensen, 2012).

The physical quality of pellets, such as hardness, durability, sinking velocity, and water
absorption, varies based on diet formulation, extruder configuration, and processing parameters
(Chen et al., 1999). Screw configuration and speed in the extruder significantly affect pellet
expansion, bulk density, and durability, although the correlation between specific mechanical energy
and pellet quality can differ with ingredients (Aarseth et al., 2006). Higher extrusion temperatures
increase expansion but can make pellets more fragile and less resistant to mechanical stress
(Glencross et al., 2011). Thus, optimising pellet quality requires adjusting these working parameters
based on the specific ingredients used in the feed.

The functional properties of each ingredient, such as their ability to bind and form durable,
hard, and dense pellets, play a key role in determining the physical quality of extruded fish feed.
Ingredients with better binding properties improve pellet structure through particle binding, facilitated
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by factors like water content and starch gelatinisation during processing (Kaliyan and Morey, 2010).
Different starch sources (e.g. wheat, potato, pea) have different effects on pellet hardness, durability,
and oil absorption due to differences in amylose-amylopectin ratio, size and shape of the starch
granule, and other chemical components (Sgrensen et al., 2010). Additionally, acidic feed additives
can influence starch binding, affecting pellet expansion and integrity (Morken et al., 2012).

Dietary fibre in fish feed, composed of both soluble and insoluble fractions, is indigestible for
carnivorous fish and should be minimised. Soluble fibres can improve pellet integrity by increasing
viscosity, whereas insoluble fibres can weaken pellets by preventing particle bonding (Hansen and
Storebakken, 2007). The inclusion of cellulose has been shown to increase pellet durability and
hardness, but it reduces expansion during extrusion (Kraugerud et al., 2011).

As for the other main nutrients, proteins also act as important binders, with native or less heat-
treated proteins improving pellet hardness and durability compared to denatured proteins (Sgrensen
et al., 2009). Internal fat levels in the feed negatively impact pellet quality, as fat reduces shear force
and cooking during extrusion, leading to weaker pellets (Morken et al., 2012). Moreover, water plays
a critical role in the hydration of ingredients and in the gelatinisation of starch, which is essential for
proper pellet formation (Kaliyan and Morey, 2009).

Extrusion processing results in higher starch gelatinisation compared to steam pelleting due
to the increased water content, temperature, and mechanical energy, which also leads to better water
absorption, expansion, and lower bulk density (Honorato et al., 2010). Feed ingredients and
processing methods also affect water stability and hardness. For instance, extruded pellets containing
wheat are more stable than those with field beans, which can in turn slow gastrointestinal evacuation
and reduce feed intake (Adamidou et al., 2009). These variations in retention time are often linked to
changes in intestinal viscosity, impacting nutrient absorption.

Some studies suggest that extruded diets slow gastric emptying and reduce feed intake
compared to steam-pelleted diets, likely due to their higher water stability and hardness (Venou et al.,
2009). However, other research has found no significant effect on feed intake or growth, although
more stable pellets improved nutrient digestibility (Baeverfjord et al., 2006). Interestingly, extruded
pellets did not always reduce feed intake, so the relationship between feed properties (e.g. hardness,
water stability) and fish feeding behaviour, varies depending on the species and the specific feed
formulation (Aas et al., 2011b).

Nutrient balance, digestibility and palatability

RAS aquafeeds require an optimal digestible protein to digestible energy (DP:DE) ratio to
minimise TAN excretion. The ideal DP:DE ratio typically ranges from 18-23 ¢ MJ!, depending on
the species and life stage (Taj et al., 2023). Protein content in RAS aquafeed are decreased by 10-
15%, compared to traditional flow-through diets with a focus on highly digestible sources. Lipid
levels are generally increased by about 10% to provide sufficient energy without compromising water
quality. Carbohydrate level is typically limited to 20-25% of the diet to enhance pellet binding and
provide a cost-effective energy source (Flo et al., 2024).

High digestibility is crucial in RAS feeds, with target ADCs of >90% for protein, >85% for
lipids, and >70% for carbohydrates (Cho et al., 2011). Ingredients are carefully selected based on
their digestibility profiles, with preference given to animal proteins (ADC >90%), highly refined plant
proteins (ADC >85%), and easily digestible lipid sources like animal or algal oils (ADC >95%) (Flo
et al., 2024; Lee, 2002). Inclusions (10-20 g kg™') of some palatability enhancers such as betaine or
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krill meal, are often made to stimulate feed intake (Terrey et al., 2021). The high energy density of
RAS feeds aims to promote rapid growth and minimise FCRs up to 0.8-1.0 for many species (Liu et
al., 2016).

Faecal quality

The composition and processing of RAS feeds significantly impact fish faecal characteristics,
which is crucial for efficient solid waste removal. As detailed in the specific section below, ideal
faeces should be large, firm, and cohesive, with a settling velocity <1.5 cm sec”' (Wong and
Piedrahita, 2000). This is achieved through careful ingredient selection and diet formulation, avoiding
excessive levels of indigestible plant materials that can lead to fragmented faeces (Ballester-Molt6 et
al., 2017). The inclusion of some functional ingredients (e.g. guar gum, citrus pectin) can improve
faecal stability without compromising nutrient digestibility (Prabhu et al., 2019). Additionally, the
use of micronized or dehulled plant ingredients can reduce the production of fine, suspended faeces
that are difficult to remove from the system (Meriac et al., 2014).

Feed management
Effective feed management in RAS requires a holistic approach that considers feed quality,

feeding technology, fish behaviour, and system dynamics. By implementing these strategies, RAS
operators can maximise fish growth, minimise waste production, and improve overall system
efficiency and sustainability (Tucker and Hargreaves, 2008).

Feeds should be stored in a cool (<15°C), dry (relative humidity <60%), and dark area to
prevent nutrient degradation and mould growth. Elevated storage, i.e. min 5 cm off the ground,
prevents moisture absorption and pest infestation. A first-in/first-out inventory system ensures that
older feed is used first, minimising the risk of spoilage. Regular inspections for outbreaks of moisture,
pests, or off-odours are crucial (Alltech Coppens and RASTECH, 2020).

Multiple feeders in a RAS farm should be positioned around the tank perimeter to maximise
the feeding area and prevent feed loss to drains. Spreader feeders are recommended to slow pellet
fall, allowing more time for fish to eat the feed before it reaches the tank bottom. The optimal spreader
angle typically ranges from 15-30 degrees, depending on tank depth and fish size (Van Gorder and
Jug-Dujakovic, 2004). Underwater cameras (e.g. [IP68-rated, wide-angle cameras) can be installed to
monitor feeding behaviour and adjust feeder positions as needed (Chang et al., 2022).

RAS typically employs more frequent feeding schedules compared to traditional systems. For
most species, 8-12 equidistant feedings per day are recommended to stabilise water quality
parameters by preventing peaks in ammonia production and oxygen consumption (Tucker and
Hargreaves, 2008). Feeding charts provided by feed manufacturers could be used as a starting point
but should be adjusted based on specific system conditions and fish feeding behaviour. As a general
rule, feeding rates (as a percentage of body weight) decrease as fish grow, ranging from 5-10% for
fry to 0.5-2% for adult fish, depending on species and water temperature (Ebeling and Timmons,
2012).

Regular observation of fish feeding behaviour is crucial for optimising feed management.
Signs of overfeeding include aggressive behaviour, feed refusal, or accumulation of uneaten pellets.
Conversely, underfeeding may result in increased competition or fin nipping. Specific behaviours
such as spitting, head shaking, or gill flaring may indicate issues with pellet size or palatability (Van
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Gorder and Jug-Dujakovic, 2004). Quantitative monitoring can be achieved by installing collection
systems at tank drains to measure uneaten feed.

Automated feeding systems are increasingly used in RAS to ensure precise feed delivery and
reduce labour costs. These systems can range from simple belt feeders to sophisticated computer-
controlled systems that adjust feeding rates based on fish biomass, water quality parameters, and even
fish behaviour monitored by underwater cameras (Chang et al., 2022). For example, hydroacoustic
or machine vision systems can detect uneaten feed and automatically adjust feeding rates (Zhang et
al., 2023c). Regular maintenance and calibration of these systems are essential to ensure accurate feed
delivery.

Modern RAS often employs integrated software systems that track feed inputs, growth rates,
and FCRs in real-time. Overall, target FCRs in well-managed RAS could be as low as 0.8-1.2,
depending on species and life stage (Abdullah et al., 2024). Regular fish sampling for weight and
length measurements helps adjust feeding rates and assess overall system performance.

Feed management directly impacts water quality in RAS. Overfeeding can lead to increased
ammonia and suspended solids, overloading the biofilter and mechanical filtration systems.
Monitoring key water quality parameters before and after feeding events can help in optimising
feeding strategies. For instance, if TAN levels consistently peak above 1 mg L ™! post-feeding, it may
indicate overfeeding or insufficient biofiltration capacity (Godoy-Olmos et al., 2022).

Understanding the natural feeding rhythms and preferences of the cultured species is crucial
for optimising feed management in RAS (Jobling et al., 1995). For example, nocturnal species like
European eel (Anguilla anguilla) may require adjusted feeding schedules, whereas species with
different feeding behaviours (e.g. surface feeders vs. bottom feeders) may need specialised feeder
designs.

Waste management in a RAS environment

Feed pollutants
In RAS, feed is the principal source of potential pollutants, having a deep influence on water

quality, system management, and overall production efficiency (Ebeling and Timmons, 2012). The
quantity and quality of feed, including its palatability, physical characteristics, and nutritional
composition, directly impact waste production, excretion patterns, and growth rates of farmed
organisms (Stubhaug and Fernandes, 2019). These factors are intrinsically linked to the design and
operation of filtration systems due to their close relationship with the production and accumulation
of nitrogen, phosphorus, and organic matter (Dalsgaard et al., 2013).

Nitrogen compounds

Primarily manifested as ammonia, which constitutes 70-80% of excreted nitrogenous
catabolites, quantified as TAN (Diaz et al., 2012). Ammonia excretion is influenced by a complex
interplay of biotic factors (e.g. species, age, size, metabolic rate) and abiotic factors (e.g. pH,
temperature, salinity, dissolved oxygen levels), as well as dietary factors such as protein content,
amino acid profile, and feed digestibility (Prabhu et al., 2019).

Recent advancements in RAS feed formulation have demonstrated that strategic reduction of
dietary protein content by 10-15% can decrease nitrogen waste without compromising growth

performance in many carnivorous aquaculture species (Sampathkumar et al., 2023). Furthermore, the
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incorporation of functional feed additives, such as prebiotics, probiotics, and exogenous enzymes,
has shown promising results in enhancing nutrient utilisation and reducing ammonia excretion
(Onomu and Okuthe, 2024). In RAS, the management of ammonia is crucial, as concentrations
exceeding 0.02 mg L™! (un-ionized form) can be toxic to many aquatic species. Advanced biofilter
designs, incorporating both aerobic and anaerobic processes, can achieve high nitrification
efficiencies in converting toxic ammonia to less harmful nitrate (Gutierrez-Wing and Malone, 2006).

Phosphate compounds

Excreted predominantly in faeces, phosphorus is primarily removed through mechanical
filtration processes in RAS (Barak et al., 2003). Phosphorus retention efficiency in fish typically
ranges 30-65%, varying significantly depending on fish species, feed composition, and system design
(Schneider et al., 2005). In intensive RAS, phosphorus loads can reach 20-25 kg per ton of fish
produced, necessitating effective removal strategies (Trépanier et al., 2002). Advanced solid waste
management techniques, such as microscreening and membrane filtration, can remove up to 95% of
particulate phosphorus (Li et al., 2023). The remaining dissolved phosphorus can be further reduced
through the implementation of constructed wetlands, algal turf scrubbers, or hydroponic systems in
IMTA approaches (Tom et al., 2021). Recent aquafeed technology innovations, including the use of
phytase enzymes and highly bioavailable phosphorus sources, have shown potential to reduce
phosphorus excretion while maintaining optimal fish growth and bone mineralisation (Norag et al.,
2018).

Dissolved and particulate organic matter

By including uneaten feed, faeces, and metabolic by-products, particulate and dissolved
organic matter is usually measured through the chemical oxygen demand (COD) and the biological
oxygen demand after 5 days (BODs) (Dalsgaard and Pedersen, 2011). Although biological processes
within the system degrade a small portion of organic compounds through mineralisation, the majority
requires mechanical and chemical removal (Fossmark et al., 2020). Advanced solid waste
management techniques, such as drum filters, foam fractionators, and ozonation, can remove
suspended solids and reduce dissolved organic carbon (Cripps and Bergheim, 2000). The
implementation of denitrification reactors and anaerobic digestion systems could further reduce
organic matter while addressing nitrate accumulation, potentially reducing water exchange rates (Niu
et al., 2023). Moreover, recent research into biofloc technology and periphyton-based systems has
shown promise in converting dissolved organic matter into microbial biomass, which could be used
as a supplementary feed source for fish (Emerenciano et al., 2013).

Fish faeces

The management of fish faeces in RAS environment is a critical aspect of maintaining water
quality, system efficiency, and overall production sustainability. While most nitrogenous waste is
excreted as ammonia through the gills, faeces remain the primary way of phosphorus excretion and a
significant source of organic matter (Mustapha and Bakali, 2021). This dichotomy needs a blended
approach to waste management in RAS, with particular attention to faecal characteristics and their
impact on system dynamics.

As already mentioned, ideal faeces should be large, cohesive, and quickly settleable to
facilitate mechanical filtration and sedimentation. The physical integrity of faeces is influenced by
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different factors, including diet formulation, fish species, and environmental conditions (Schumann
et al., 2017). For instance, carnivorous fish species typically produce more cohesive faeces compared
to herbivorous species due to higher protein content in their diets (Keramat-Amirkolaie, 2013; Welker
and Barrows, 2024). Studies have shown that particles smaller than 50 um are challenging to remove
through conventional mechanical filtration and can have a snowball negative effect on system
performance, such as biofilter clogging, reduced nitrification efficiency, and increased oxygen
demand (Reid et al., 2019; Van Rijn, 2013). Moreover, the accumulation of fine particles can lead to
gill irritation and increased susceptibility to pathogens in fish (Stubhaug and Fernandes, 2019).

To address these challenges, RAS feed manufacturers are developing strategies to optimise
faecal characteristics, mainly through the incorporation of functional feed additives, known as faecal
binders. Binders are divided into protein, carbohydrate, and non-nutritive sources and have shown
promising results in improving faecal stability and settlement. Low dietary inclusion (0.3%) of
common binders (e.g. agar, guar gum, carboxymethyl cellulose) has been shown to increase faecal
stability and reduce suspended solids in the water column in salmonids (Brinker et al., 2005; Brinker
and Friedrich, 2012). However, the use of faecal binders must be carefully balanced to avoid negative
impacts on nutrient digestibility and fish growth. Thus, optimal inclusion levels are highly dependent
on the formulation of the whole diet, the specific binder and the fish species (Brinker, 2007).

The optimisation of faecal characteristics and waste management in RAS not only improves
system performance but also contributes to the overall sustainability of aquaculture production. By
reducing the environmental impact of effluents and enhancing nutrient recycling, these strategies
align with circular economy principles and support the development of more -efficient,
environmentally responsible aquaculture systems (Chary et al., 2024).

Agquaculture species suitable for RAS farming

As already detailed, RAS represent a significant capital investment in both construction and
operation, needing careful consideration of species selection and system optimisation for commercial
viability. The complexity of these systems demands thorough analysis of multiple factors to ensure
successful implementation and profitable operation.

Temperature optimisation is a fundamental parameter in RAS operations due to the
poikilothermic nature of fish. As cold-blooded organisms, fish metabolism directly correlates with
environmental water temperature, making temperature control crucial for survival and optimal growth
(Volkoff and Rgnnestad, 2020). Despite associated energy costs, the investment in temperature
maintenance within species-specific ranges becomes essential for maximising production efficiency.

Growth parameters and size-related efficiency demonstrate consistent patterns across species
in RAS. Research indicates a significant inverse relationship between fish size and growth efficiency,
where smaller species exhibit superior growth rates and biomass accumulation. The FCR shows
higher efficiency in juvenile stages, whereas tank space utilisation efficiency decreases with
increasing fish size (Paloheimo and Dickie, 1966). Consequently, operational costs per kilogram of
production increase proportionally with fish size, making juvenile production particularly attractive
in RAS settings.

Market considerations in aquaculture present unique challenges compared to terrestrial
livestock production. Unlike traditional livestook production, aquaculture includes many species,
creating both opportunities and complexities in market development. Consumer demand extends to
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multiple species with varying price ranges, while competition exists globally. In addition, the
aquaculture industry demonstrates rapid domestication rates, exceeding those of terrestrial agriculture
(Bodin et al., 2010).

Economic viability in RAS operations depends on infrastructure requirements, including
building costs, electrical supply stability, and skilled labor availability. Production strategy
significantly impacts success, with small fish production showing higher efficiency. Large-scale
operations exceeding 1,000 tonnes may succeed with lower-value species, whereas high-value
species can sustain smaller operations. Market dynamics, including global competition, transportation
costs, and local market conditions, heavily influence species selection and operational success
(Bregnballe, 2022). Recent developments in RAS technology show evolution toward larger-scale
operations, exemplified by the trend in salmon farming toward larger smolt production (up to 400g)
and the development of 10,000-tonne land-based salmon facilities (Blancheton, 2000).

Species selection for RAS must consider biological parameters, including growth rate
potential, temperature requirements, disease resistance, and feed conversion efficiency. Economic
factors such as market demand stability, sales price ranges, and production cost management also
require careful analysis. On the other hand, operational considerations include system design
optimisation, staff expertise requirements, and resource availability (Engle, 2020). The technology
demonstrates particular promise in juvenile production across species, whereas grow-out success
requires detailed economic analysis and market understanding (Bregnballe, 2022). In other words,
RAS success depends on careful alignment of biological requirements, market conditions, and
operational efficiency. The complexity of species selection underscores the need for a comprehensive
evaluation of all parameters for successful implementation. Table 1.3 highlights the relationship
between biological characteristics, commercial feasibility, and operational requirements of the most
common aquaculture specied suitable for RAS farming.

39



CHAPTER 1: LITERATURE REVIEW

Table 1.3. Characterisation (i.e. rearing parameters, current status, market, strengths and weakness) of the main aquaculture species suitable
for RAS farming (modifed from Bregnballe, 2022 and Li et al., 2023; market data from Tridge, 2024).

Species

Rearing parameters
for RAS farming

Current status

Market

Strengths

Weakness

References

Fish

Atlantic salmon
Salmo salar

Freshwater and
marine RAS

Temperature: 12-16°C
Max. density: 80 kg m™3
Oxygen: >7 mg L™
pH:>7.0

FCR: 0.8-1.0 (sale size)
CP in feed: 40-50% DM

Smolts raised in
freshwater and
marine RAS with
success

Grow-out phases
under study

Price: USD 5-30 kg™
Main markets: EU,
USA, Japan

Main producers:
Norway, Chile,
Scotland

High market demand
globally

Efficient feed
conversion in RAS
systems

Susceptible to
parasitic infections
(e.g. sea lice)

High initial
investment for
effective RAS
biofiltration and
waste management

Good et al., 2017
Hines et al., 2019

Roalkvam et al.,
2021

Rainbow trout

Temperature: 10-18°C
Max. density: 100 kg m™3

Freshwater RAS
widely used from
fry up to portion

Price: USD 3-8 kg™

Strong competition in
most markets

Susceptible to
stress in high-

Davidson et al.,
2013

Onc_orhy Sl Oxygen: >7 mg L size fish Main markets: EU, density conditions .
mykiss USA . o Meriac et al., 2014
pH:>7.0 . High adaptability in
. : Main producers: USA, . . o
Freshwater RAS FCR: 1.0-1.2 (sale size) Freshwater and Denmark, Ttaly RAS systems Requires high- Suurniikki et al.,
CP in feed: 40-45% DM marine RAS for ’ quality feed 2020
grow-out phases
Sensitive to
crowding stress
Temperature: 7-12°C Fry rearing . _1  High market value in
Atlantic cod Max. density: 40 kg m3 successful in RAS Price: USD 5-20 kg premium fish Long growth

Gadus morhua

Marine RAS

Oxygen: >9 mg L™

pH: 7.3-7.8

FCR: 1.1-1.2 (sale size)
CP in feed: 60% DM

Grow-out phases
not well suited for
RAS

Main markets: EU,
USA, Japan

Main producers:
Norway, Iceland

markets

Performs well in
cold-water RAS

period increases
operational costs

Market is affected
by wild stock
catches

Badiola et al.,
2017a
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Arctic charr

Temperature: 7-12°C

Arctic char or

Price: USD 6-13 kg

Natural growth in

Lower growth than

: : Max. density: 70 kg m3 . Main markets: EU, o other salmonids Skybakmoen et al.,

Salvelinus alpinus i cross breeds with cold-water conditions 2009

Oxygen: >5 mg L. USA, Canada .

_ brook trout grow . . optimal for RAS ..

pH:7.2-7.5 . Main producers: Sensitive to water S felt et al
Freshwater and ) . well in freshwater . . ummerielt et al.,
marine RAS FCR: 1.0-1.2 (sale size) RAS Iceland, Canada, High-quality fillets quality issues like 2004

CP in feed: 50% DM Norway ammonia pikes

. o Price: USD 4-10 kg™

Whitefishes Temperature: 17-24°C Main markets: Performs well in cool Slow growth

Max. density: 30 kg m™3

compared to other

Kucharczyk et al.,

Coregonus spp. Oxygen: >Tmg L | Good product.lve Northern EU, Russia,  temperatures species 2023
H-79-82 performance in Canada .
Freshwater and p 1.2 (uvenil RAS Main producers: Good adaptivity to ohl . Szczepkowski et al.,
marine RAS FCR: 0.8-1.2 (juveniles) Finland. Russia RAS Highly sensitive to 2006
CP in feed: 55% DM ’ ’ handling and stress
Canada
ﬁeAlgtgﬁltﬁ;asy ©° price: USD 20-60 kg Long maturation
Temperature: 18-22°C (meat); USD 500- . time (up to 7-10 Aid 12019
Sturgeons Max. density: 25 kg m™ 4,000 kg' (caviar) High market value, years for caviar osetal
. ) ST Skills required in A especially for caviar .
Acipenser spp. Oxygen: >8 mg L . . Main markets: EU, production) Long et al., 2019
g different life . -
PH: 7.2-7.5 stages USA, Asia (caviar) Tolerant of varied
Freshwater RAS FCR: 0.8-1.4 (juveniles) 8 Main producers: water conditions High initial Ushakova ctal.,
CP in feed: 40% DM L Russia, Italy, USA, investment and
RAS farming is . .
. . China operational costs
increasing
Fry stage is Price: USD 5-10kg™'  Fast growth rate Susceptible to
. Temperature: 20-22°C Y stag ) L . £ STOW! stress during
Pikeperch Max. densitv: 30 ke m-> tricky, grow-out Main markets: EU, under optimal handline and .
Sander lucioperca ) - 5 seems a little especially Germany conditions & Kozlowski and
Oxygen: >7T mg L . transport Piotrowska, 2024
7678 easier and France
Freshwater and pri: 15" . . Main producers: Good flesh quality . . Mota et al.. 2014
. FCR: 0.8-1.0 (juveniles) . Requires high-cost ’
marine RAS . Few successful Poland, Hungary, and high market
CP in feed: 55% DM . feed to ensure
RAS farming Germany demand

optimal growth
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European seabass
Dicentrarchus labrax

Marine RAS

Temperature: 18-24°C
Max. density: 70 kg m™
Oxygen: >6 mg L™
pH:7.5-7.8

FCR: 1.3-1.6 (sale size)
CP in feed: 45% DM

Larval phases
require good
technical skills

Grow well in
RAS, despite sea
cage farming is
still prevalent

Price: USD 6-30 kg
Main markets: EU,
Middle East

Main producers:

Greece, Turkey, Spain,

Italy, Croatia

High consumer
demand in EU and
the Mediterranean

Adaptable to both
brackish and marine
RAS

Susceptible to
disease and
parasites

High-protein feed
increases costs

Sammouth et al.,
2009

Zhang et al., 2020

Gilthead seabream
Sparus aurata

Marine RAS

Temperature: 18-26°C
Max. density: 80 kg m
Oxygen: >5 mg L™
pH: 6.6-7.1

FCR: 1.1-1.3 (sale size)
CP in feed: 42% DM

3

Fry require
technical skills
operators

Good productive
performance in
RAS, despite sea
pens are more
common

Price: USD 5-11 kg''
Main markets: EU,
Middle East

Main producers:

Greece, Turkey, Spain,

Italy, Croatia

Well-established
RAS species with
high market demand

Tolerates a wide
range of salinity

Sensitive to high
stocking densities

Require high-cost
feeds

Besson et al., 2022

Krom et al., 2014

Yellowtails
Seriola spp.

Temperature: 22-24°C
Max. density: 100 kg m™
Oxygen: >T mg L™
pH:7.0-7.5

Perform well both
in sea cages and
RAS

Price: USD 8-15 kg™
Main markets: Japan,
USA, EU

Main producers:

High market value,
especially in sushi
and sashimi
industries

High feed costs due
to protein-rich diets

Requires stable

Mota et al., 2014

Orellana et al., 2014

Marine RAS FCR: 1.3-2.5 (sale size) . . water quality to

CP in feed: 50-55% DM Japan, Australia Tolerates a wide avoid stress

range of salinity
Fattening of wild High operational
Temperatu.re: 20-26°C . caught flS.h is the Price: USD 10-50 k' High market value, costs due to space
Max. density: 150 kg m only profitable . . . and oxygen
1 ; (widely varies by particularly for . de la Gand al
Tunas Oxygen: >8 mg L. farming . . . . requirements ¢ la Gandara et al.,
s species and size) sashimi and sushi 2016

Thunnus spp. pH:7.0-7.5 Main markets: Japan

FCR: 15-40 (sale size) Controlling full ’ ’ . . Complex Murashita et al.
Marine RAS No commercial feed cycle in USA, EU Relatively rapid husbandry needs 2021

(extruded pellet under
development)

commercial RAS
is still under
development

Main producers:
Japan, Australia

growth rate in
optimal conditions

and high stress
levels during
handling
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Requires precise

Technical skills Hieh market demand environmental
Turbot Temperature: 20-24°C required for Price: USD 15-30 kg forgi ts premium control for optimal
Max. density: 20 kg m™ broodstock and Main markets: EU, S P growth Lietal., 2013
Scophthalmus i O . quality flesh
. Oxygen: >7 mg L. hatchery especially France, .
maximus ] . Li et al., 2019
pH: 7.2-7.5 Spain and Italy Fast erowth and Susceptible to
. FCR: 1.1-1.6 (sale size) Good productive ~ Main producers: 8 stress from Stiller et al., 2015
Marine RAS . . . efficient feed .
CP in feed: >48% DM performance in Spain, France, UK . handling and
conversion in RAS .
RAS environmental
changes
. Slow growth rate
Temperature: 19-22°C Price: USD 15-35 kg™ ?ngzorﬁg:;?n\éa}gf compared to other
Sole Max. density: 40 kg m™ Different Main markets: EU, flatfish species

Solea solea

Oxygen: >6 mg L™
pH:7.4-8.1

obstacles such as

genetics, biology,

especially UK, France
and Spain Main

premium fish

Sensitive to

Mas-Muiioz et al.,
2011

Marine RAS FCR: 0.8-1.3 (juveniles)  feeding, etc. producers: France, the g)?ﬁfo?fe Zplleélty o changes in Schram et al., 2006
CP in feed: 48% DM Netherlands, UK . environmental
environments Iy
conditions
Susceptible to
Requires stress during
. . R -1 .
Temperature: 24-30°C technical Przcg. USD 10-25 kg High market demand handling and
. 3 . Main markets: o transport
Groupers Max. density: 40 kg m workforce in . for fresh and live fish
) 1 . Southeast Asia, USA, Qu et al., 2024
Epinephelus spp. Oxygen: >6.5 mg L spawning and . . . . ’
Mediterranean regions . Requires high-
pH:7.8-8.5 larval stages . Rapid growth rates . Samad et al.. 2014
. . . Main producers: . quality feed and amad et al.,
Marine RAS FCR: 1.3-1.8 (juveniles) Thailand. Vietnam. under optimal careful
CP in feed: 48-50% DM Grow-out ’ ’ conditions

relatively easy

Philippines, China

management to
prevent disease
outbreaks
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Wild cat.ch of fry Price: USD 20-50 kg ngh market value, . Slow growth rate
o (elvers) is often . . particularly for sushi ~ compared to other
Temperature: 22-27°C necessary (varies by species and and traditional dishes  species Mota et al., 2015
Eels Max. density: 70 kg m™ market) N
. ©S5. —1 . . .
Anguilla spp. Ox)‘zgen. 5-7TmgL As endangered qu markets: East Good adaptability in ~ High mortality Suzuki et al., 2003
pH: 7.0-7.5 . A Asia (Japan), EU, A o larval
Marine RAS FCR: 13-17 (sale size) ~ SDECies; RAS USA RAS rates during larva Van Chuetal,
S farming is . ) stages and stress- 2014
CP in feed: 48% DM . Main producers: . . .
ethically Japan. China. EU Tolerance to high sensitive during
justifiable pan, ’ densities handling
ch:/v(;?}iable High tolerance to Susceptible to
Temperature: 18-26°C & ; . Price: USD 2-5 kg™ varying HSCeptin hich
Common car Mas. density: 50 ke m3 performance in Mai rets: Asi 4 1 diseases in high-
M P ax. aensity. gm RAS ain markets. Asia, environmenta density settines Enache et al., 2011
Cyprinus carpio Oxygen: >3 mg L™ Eastern EU, USA conditions y &

pH:7.1-7.8 Keepine low Main producers: Lower market Irhayyim et al.,
Freshwater RAS FCR: 1.3-1.5 (juveniles) I'O(ElCtgiOIl costs China, Vietnam, Fast growth rate and value compared to 2020
CP in feed: 35% DM p . Poland, India good feed conversion . P .
is the main . higher-end species
efficiency
challenge
Susceptible to
diseases in high-
. density settings
Catfishes Temperature: 24-30°C Performs well in ~ Price: USD 2-6 kg™ iifﬁf%i?glihfégées
. Max. density:200 kg m>  RAS Main markets: USA, ) Off-flavours Mota et al., 2015
Clarias spp. i 1 . . conversion .
Ietalurus spp Oxygen: >5 mg L Southeast Asia, Africa, affecting Refaey et al.. 2022
’ pH: >4 Production must EU marketability ’

Freshwater RAS

FCR: 0.8-2.0 (sale size)
CP in feed: 42% DM

be very cost
efficient

Main producers: USA,
China, and Thailand

High tolerance to
varying water quality
conditions

Requires careful

handling to prevent

stress during
growth stages

Strauch et al., 2018
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Tilapia
Oreochromis spp.

Temperature: 26-30°C
Max. density: 30 kg m™
Oxygen: >7 mg L™

pH: 7.0-8.0

Well suited for
RAS farming

Production cost

Price: USD 3-8 kg
Main markets: USA,
Latin America, Africa,
Asia

Fast growth rates and
high feed conversion
efficiency

Good tolerance to

Susceptible to
disease outbreaks
in high-density
systems

Requires careful
management to

Mota et al., 2015

Freshwater RAS FCR: 1.4-1.6 (juveniles) mpsF be kept to a Majn producers: varying control Paetal. 2024
CP in feed: 32% DM minimum to be China, Egypt, environmental reproduction rates
) competitive Philippines conditions and ’
stocking densities as they can leaFl to
overcrowding in
RAS environments
Susceptible to
Fast growth rates and  diseases in high-
Temperature: 26-30°C I Ve abilit Price: USD 2-6 kg™ efficient feed density farming
Pangasius Max. density: 60 kg m™ MPressve abUY  proin markets: USA, conversion environments

Pangasius spp.

Oxygen: >6 mg L™

to survive and

EU, Southeast Asia

Nguyen et al., 2013

pH: 7.0-7.5 ig‘zivrvngi sub- Main producers: High tolerance to Sensitive to Oktavia et al., 2021
Freshwater RAS FCR: 1.1-1.4 (sale size) conditions in RAS Vietnam, Thailand, varying water quality  handling and
CP in feed: 28-30% DM China and environmental transport stress,
conditions which can impact
survival rates
Sensitive to stress
Temperature: 18-22°C Price: USD 8-15kg"'  High market value and. handhqg,
Perch Max. density: 20 kg m™ Main markets: EU due to premium which can impact ;
o ) T Grow well in . 7 . growth and health Kozlowski et al.,
Perca fluviatilis Oxygen: >S5 mg L RAS although not particularly Northern quality and taste 2013
pH:7.1-7.5 . EU .
Freshwater RAS FCR: 1.3-2.0 (juveniles) widespread Main producers: Good adaptability in rszit.i:vsviroi O:;te}zl o Stejskal et al., 2009
CP in feed: 42% DM Poland, Sweden, UK RAS P

well-establish RAS
species
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Sensitive to

Temperature: 26-30°C Rapid growth rates handling and stress
Cobia P . 3 Grow-out phases  Price: USD 8-12 kg™ and high feed during transport
Max. density: 30 kg m . . . . ..
Rachycentron o under studying Main markets: USA, conversion efficiency ) .
Oxygen: >7 mgL . . . Diaz-Muiioz et al.,
canadum s Asia, EU Requires high-
pH:7.0-7.5 . . . . 2019
) . Obstacles in Main producers: High market value quality feed to
. FCR: 1.2-1.4 (sale size) . . . .. .
Marine RAS . breeding phases Vietnam, USA, China  and demand due to maintain optimal
CP in feed: 55% DM .
quality flesh growth rates and
health
Suitable for
freshwater and Sensitive to
. .o _ 1 . . .
. Temperature: 26-28°C marine RAS Przc:e. USD 8-15 kg Rapld growth and' ﬂuctuatlon‘s in
Barramundi Max. densitv: 20 ke m™> Main markets: high feed conversion  water quality and
Lates calcarifer ’ y: £ Requires Australia, Southeast efficiency handling stress Fotedar, 2016

Freshwater and

Oxygen: >6 mg L™
pH:7.0-8.0

FCR: 1.8-2.0 (juveniles)

technical skills in
larval rearing

Asia, USA
Main producers:

High market demand

Requires specific

Glencross, 2006

marine RAS . ) Australia, Vietnam, due to desirable taste  environmental
CP in feed: 50% DM Grow-out phase Thailand and quality conditions for
almost optimal growth
satisfactory
Crustaceans
Hatchery Susceptible to
Freshwater prawn Temperature: 24-26°C practices have . 1 High market demand diseases and
. . . 3 . Price: USD 5-15 kg .
Macrobrachium Max. density: 100 ind. m ™~ been established Main markets: and value parasites
rosenbergii Oxygen: >8 mg L™ Southeast Asié USA Saengsuk et al.,
pH: >8.0 RAS is used for . ’ Tolerance to arange  Requires careful 2024
. Main producers: .
FCR: 1.8-2.2 (sale size) nursery systems, Thailand. Vietnam of environmental management of
Freshwater RAS CP in feed: 36% DM but challenges ’ ’ conditions feeding and water

remain in feeding

quality
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Susceptible to
Temperature: 18-22°C . Price: USD 5-30 kg High cphnary anq dlsefslses,
o Commercial RAS . . ecological value in particularly
Max. density: 60 ind. L Main markets: EU, .
Crayfish 3 production is . . European markets crayfish plague
m . especially Nordic
Astacus astacus Oxvoen: >8 mo L) limited and small- countries Seemann et al.,
x)‘/g ) & scale, due to high . ) Adaptable to wide Ppotential 2015
pH: >8.0 Main producers: . .
Freshwater RAS . cost and water . environmental ecological impact
FCR: 1.3-3.5 (sale size) management Sweden, Finland, conditions and when introduced
CP in feed: 30% DM & Turkey, Poland . .
polyculture outside native
ranges
Sensitive to
Pacific white Temperatu.re: 26—30' C RAS has become Price: USD 5-12 kg'! ‘ environmental
. Max. density: 1000 ind. a standard for . . Rapid growth rate changes and
shrimp 3 . Main markets: USA, ~ . A
. m growing post- . and efficient feed handling stress
Litopenaeus ) 1 EU, Asia . .
. Oxygen: >6 mg L. larvae . conversion Suantika et al., 2018
vannamei s Main producers: .
pH: 7.5-8.5 Ecuador. Thailand Susceptible to
Marine RAS FCR: 1.5-2.1 (sale size) Grow-out in RAS Vie tnam’ ’ High market demand disease outbreaks
CP in feed: 35-50% DM is adopted in high-density
settings
Temperature: 25-32°C Price: USD 10-20 kg™ Sensitive to stress
Max. density: 2000 ind. Hatchery phases Main markets: Asia, and disease
—3

Marine prawns

High market demand

Penaeus s m under studying USA, EU outbreaks Fle"keg%“fign etal,
pp- Oxygen: >5 mg L™ Main producers: Fast erowth under
Marine RAS pH: >7 Limited use of Southeast Asia, . ngfal conditions Requires high- Pantjara et al., 2024
FCR: 1.5-2.0 (sale size) RAS for grow-out especially Thailand p quality feed and
CP in feed: 22-38% DM and Vietnam management
. Slow growth rate
Temperature: 18-22°C . 1 High market value, S
Lobsters Max. density: 45 kg m3 Commercial RAS ZZ; ngtsr]k)etlsoggig especially for live ?Irll\(}elsltlﬁl};rllrtuual
Homarus spp. Oxygen: >6.4 mg L™ has limited EU. Asia ' ’ lobsters Drengstig and
PH: 7.8-8.2 application Main producers: USA, Sensitive to water Bergheim, 2013

Marine RAS

FCR: 1.2-1.5 (sale size)
CP in feed: 55% DM

Canada

Excellent adaptability
to artificial feeds

quality and
handling stress
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Crabs

Limulus polyphemus
Callinectes sapidus
Scylla serrata
Portunus pelagicus
Eriocheir sinensis

Temperature: 25-35°C
Max. density: 45 ind.
m’3

Oxygen: >5mg L™
pH:7.5-8.5

RAS not widey
used due to cost
and management

Price: USD 20-100
kg

Main markets: Asia,
USA, EU

Main producers:

High market demand
and high prices

Strong adaptability to

Sensitive to water
quality fluctuations

Slow growth rates
and high mortality

Tinker-Kulberg et
al., 2020

Spitznagel et al.,
2019

Hastuti et al., 2018

FCR: 1.5-2.5 (sale size) complexity China, Indonesia, a range of feeds and during molting .
. . e . polyculture . Fujaya et al., 2021
Marine RAS CP in feed: 20-35% DM Philippines, Vietnam (cannibalism)
Yuan et al., 2018
Molluscs
Hatchery in RAS High market value
Temperature: 15-20°C is developed, but  Price: USD 13-50 kg”'  due to demand for Long maturation
Abalones Max. density: 1500 ind. not widely used Main markets: Asia, fresh and dried period Gaoetal., 2018
Haliotis spp. m3 especially Japan and products
Oxygen: >6 mg L™ Challenges exist China Sensitive to Mardones et al..
Marine RAS pH:7.8-8.0 in mimicking Main producers: South  Good adaptability to  environmental 2013
No commercial feed natural conditions  Korea, Japan, USA controlled changes
for growth environments

Blue mussel
Mytilus edulis

Marine RAS

Temperature: 15-20°C
Max. density: 5 kg m3
Oxygen: >7 mg L™
pH: 7.5-8.5

No commercial feed

RAS techniques
are under
investigation for
spat stage

Limited
applications for
grow-out

Price: USD 2-5 kg™
Main markets: EU,
USA, Canada

Main producers: the
Netherlands, USA,
Canada

Fast growth and easy
to farm

High market demand

Sensitive to water

quality and
pollution

Limited market

value compared to
higher-end seafood

Blanco Garcia and
Kamermans, 2015
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Successful

Sensitive to

Ovster ;‘;mp me,re_: ig(_)%)zin((:i hatchery methods  Price: USD 3-150 kg iﬁggg?sgilfﬁgar x;;ro;rzirgal Kuhn et al., 2013
ysters f;x' ensity: ’ exist Main markets: USA, y & o

Crassostrea spp. m EU. Asia uses pollution de Oliveira Ramos

Oxygen: >5mg L™ . " etal., 2021
. s RAS farming is Main producers: USA, .

Marine RAS pH: 8.3-8.5 . emerging for France, China Good adqptablllty to  Slow growth rates Qiu et al., 2017

No commercial feed ow-out phases RAS enviroments compared to other
grow-out p shellfish
Echinodermata

Temperature: 18-24°C

Sea cucumber Max. density: 30-50 ind.

RAS farming is

Price: USD 50-300
kg’l
Main markets: China,

High market demand
in Asia, particularly

Susceptible to
disease outbreaks
in high-density

/ —3
Holothuria spp. fgxygen' “6mg L limited due to Japan, South Korea for the luxury market  cultures Sousa et al., 2021
Marine RAS pH: 7.8-8.3 high cost g?ilr:lap ;zgg;z;sa Low maintenance Slow growth rates
No commercial feed Phili ; ines ’ feeding and environmental
pp sensitivities
Only small-scale High demand in
Temperature: 16-22°C roguc tion Price: USD 30-200 premium markets, Susceptible to
. Max. density: 45 ind. P o especially for edible  environmental
Sea urchin m3 globally kg roe (uni) chanees
Paracentrotus lividus ) a1 Main markets: Japan, £ .
Oxygen: >6 mg L Limited Korea. USA. France Baido et al., 2019
. pH:7.6-8.2 . L ’ Adaptable to Slow growth rates
Marine RAS . commercial Main producers: . s .
FCR: 1.6-3.4 (sale size) viability for hich-  Japan. Chile. USA seaweed-based diets,  in high-density
CP in feed: 30-50% DM densitny AS & paf, ’ and relatively low culture

maintenance in RAS
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The global expansion of aquaculture has radically transformed modern food production,
surpassing capture fisheries in volume and becoming the primary source of seafood for human
consumption worldwide. This shift has revolutionised coastal economies and enhanced protein
accessibility across developing nations, although the industry’s reliance on fishmeal (FM) and fish
oil (FO) still poses critical sustainability challenges. Overexploitation of forage species, crucial for
marine ecosystems, has pushed researchers and producers to explore alternative feed resources that
meet the nutritional requirements of farmed fish while reducing environmental impacts.

An essential strategy has been the optimisation of aquafeed specifically designed for
Recirculating Aquaculture Systems (RAS), which offer considerable sustainability benefits through
the management of water recirculation in a controlled environment. These systems enhance
aquaculture productivity by minimising waste and preserving water resources. However, their
effectiveness relies on the formulation of high-quality diets that promote fish health and growth,
thereby underscoring the importance of selecting appropriate ingredients to meet the specific
nutritional needs of the farmed species. Sustainable alternatives to FMFO, including animal by-
products, plant-based ingredients, and novel sources, have emerged as promising solutions,
addressing the need for first-rate protein and lipid sources while supporting circular economy
principles by utilising underused resources.

The dietary optimisation of strict-carnivorous fish, such as greater amberjack (Seriola
dumerili), in RAS environments exemplifies the proactive measures being taken within intensive
aquaculture to address these challenges. The greater amberjack is a high-potential species for the
Mediterranean land-based aquaculture industry due to its fast growth rate and high market value.
While traditional farming methods have largely used unprocessed raw fish as feed, modern practices,
particularly in Asia and the Pacific, increasingly promote formulated aquafeeds tailored to related
Seriola species. Amberjacks require protein-dense diets for an optimal growth, although precise
nutritional requirements are still not completely defined. Moreover, high dietary FMFO levels are
difficult to replace in these species, although terrestrial animal by-products and plant-based
alternatives are promising sources in addressing this challenge. Ongoing research aims to characterise
the inclusion of alternative raw materials in RAS-tailored aquafeed, ensuring high palatability,
digestibility, and feed efficiency in order to obtain optimal fish and system performance. Closed
aquaculture offers viable solutions for amberjacks farming with regard to ecological and disease
concerns in open-water, but requires specially engineered feeds to manage effluents and metabolic
by-products. Thus, enhanced RAS feed formulations for amberjacks remain essential to support the
sustainability and economic viability of controlled aquaculture systems.

In parallel, the dietary optimisation of salmonids species, including rainbow trout
(Oncorhynchus mykiss), has been extensively researched, particularly regarding the use of alternative
protein-rich formulations. Given that FM has been a backbone ingredient in salmonids feeds, the
tendency to reduce its content has necessitated the exploration of substitute protein sources. Studies
have demonstrated that incorporating animal by-products and/or oilseed meals could sustain growth
rates comparable to traditional FM-based diets while significantly decreasing the environmental
impact associated with FM production. Moreover, these alternative feeds have been shown to
maintain or even improve the fish health and RAS functionality, thereby contributing to more robust
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aquaculture practices. This innovative approach aligns with consumer demands for sustainable
seafood, illustrating that it is possible to produce high-quality fish without compromising ecological
integrity.

Similarly, the optimisation of RAS feeds for carnivorous-omnivorous species, like African
catfish (Clarias gariepinus), presents pioneering opportunities for sustainable aquaculture. Catfish
represent a significant aquaculture commodity, with dominant production concentrated in African
and Asian regions through traditional pond systems. While European cultivation remains limited to
specific countries, these species offer fascinating advantages for land-based farming operations.
Research efforts have increasingly focused on integrating poultry-derived protein sources into catfish
diets due to their high protein levels and favorable amino acid profiles that could easily meet the
nutritional requirements of these species. By developing a diet that replace FM with these poultry-
based components, studies have shown improvements in digestibility, growth performance, and feed
conversion ratios. Additionally, the economic viability of using poultry by-products makes this
approach particularly attractive for aquaculture operations aiming to reduce feed costs while
maintaining product quality. Despite the encouraging findings, comprehensive investigations
regarding optimal incorporation levels of poultry by-products in catfish diets remain limited,
particularly concerning environmental and economic sustainability in commercial applications.

Thus, through its three main contributions, the present thesis aims to improve raw materials
selection to tailor specific dietary formulations for RAS aquaculture, ultimately enhancing the
sustainability of the sector. In detail, this PhD thesis evaluated:

e ten candidate raw materials for the design of RAS aquafeed for greater amberjack (first

contribution; Chapter 3);

e fishmeal replacement with poultry by-products and rapeseed protein meals in practical diets

for rainbow trout reared in RAS (second contribution; Chapter 4);

e inclusion of blends of poultry processed proteins to refine RAS-tailored commercial

formulations for African catfish (third contribution; Chapter 5).

As showed in Figure 2.1, a comprehensive approach was implemented, which included
analyses of raw materials (first contribution) and feed (second and third contributions) digestibility,
feed physical properties (first and second contributions), fish growth performance (second and third
contributions), faeces physical characteristics (first and second contributions), postprandial nitrogen
excretion (first contribution), slaughter results (second and third contribution), carcass traits (third
contribution), and fillet quality considering dripping, thawing and cooking losses, and sensory
analysis (third contribution). In addition, commercial feasibility of the RAS aquafeed was examined
through an economic analysis (second and third contributions).

Then, the general discussion of this thesis (Chapter 6) aimed at evaluating the overall
suitability and sustainability of the selected animal by-products, plant-based, and novel ingredients
for the design of RAS aquafeeds, considering their nutritional, environmental, and economic aspects,
through a Strengths, Weaknesses, Opportunities, and Threats (SWOT) analysis. This analysis has
also led to the development of a decision-making framework, developed through a bibliometric
analysis and structured as prioritisation pyramids, which ranks ingredient selection criteria for RAS
aquafeeds, drawing on results from all contributions and available literature.

87



CHAPTER 2: OBJECTIVES OF THE RESEARCH

Alternative Ingredients
4 categories

= P %

Marine PAPs Plant

4

Novel

1 Recirculating

Aquaculture

Raw materials digestibility

Feed digestibility

Feed physical properties

Fish growth performance

Faeces physical
characteristics

Postprandial nitrogen
excretion

Slaughter results

Carcass traits and
Fillet quality

Economic evaluation

1** Contribution
Candidate raw materials for a
sustainable feeding of greater
amberjack (Seriola dumerili)
E teared in RAS

2" Contribution

Alternative protein meals
59 in practical diets for rainbow
trout (Oncorhynchus mykiss)

reared in RAS

3 Contribution
Blends of poultry PAPs in
practical diets for African catfish
(Clarias gariepinus)
reared in RAS

o
»
%
4

Strengths
Weaknesses

Opportunities

Threats

Decision-making framework
prioritising ingredient
selection criteria for
RAS aquafeeds

Figure 2.1. Graphical objectives of the research. The four categories of alternative ingredients (i.e. marine, PAPs, plant-derived, and novel
sources) used to formulate the diets in this study were selected to develop aquafeeds specifically tailored for RAS. The feasibility and suitability of
these aquafeeds were assessed through nine analyses conducted across the three main contributions of this thesis, focusing on marine strict carnivorous,
freshwater carnivorous, and freshwater omnivorous-carnivorous species reared in RAS. A subsequent SWOT analysis evaluated the strengths,
weaknesses, opportunities, and threats associated with each ingredient category, leading to a decision-making framework that prioritises ingredient

selection criteria for the design of tailored RAS aquafeeds.
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systems: Apparent digestibility, physical properties of diets and faeces,
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Candidate raw materials for a sustainable feeding of greater amberjack (Seriola dumerili) reared in RAS

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 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 utilisation of
whole raw fish as a dietary source for feeding (Boix et al., 1993; Cavaliere et al., 1989; Garcia, 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) (Garcia-Gomez, 2000). Existing literature on greater amberjack is scarce (Garcia-
Goémez, 2000), but available studies (Shimeno, 1991; Takeuchi et al., 1992; Jover-Cerda 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 quantities
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, Dam et al., 2020; Horlick et
al., 2020; Horstmann et al., 2023a). However, the database about the digestibility of these ingredients
remains elusive for greater amberjack (Garcia-Gémez, 2000) and previous results on this species have
shown that alternative raw materials can not totally replace fishmeal (Tomds-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 pathogen infection and remove the need for expensive and stressful
treatments. 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 ingredients (i.e. brewer’s 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.
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MATERIALS AND METHODS

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 Politecnica de Valencia (UPV) approved the experimental
methodology (2015/VSC/PEA/00058). Research staff involved in animal handling were animal
specialists and practitioners.

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:
brewer’s yeast without fat; BYF: brewer’s yeast with fat; LS: Lithothamnium seaweed), which
proximate composition is showed in Table 3.1, were included in ten experimental 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 tested raw materials in a ratio of 7:3, as described by Cho and Slinger
(1979) and showed in Table 3.2. The proximate composition of the reference diet and the
experimental diets including the tested raw materials is showed in Table 3.3.
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Table 3.1. Proximate composition and aminoacidic profile (% DM) of the tested raw materials included in the experimental diets for greater

amberjack.
Raw materials

FM PH ES 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 -
Carbohydrate 0.6 0.3 44 .4 25.4 34.7 5.8 81.7 49.0 42.2 -
Gross energy (MJ/kg) 22.2 22.3 29.2 21.7 16.13 15.8 14.8 23.0 22.7 6.64
Essential amino acids (g 100g! 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 2.49 241 —
Non-essential amino acids (g 100g ' 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: Brewer’s yeast without fat; BYF: Brewer’s yeast with fat; LS: Lithothamnium seaweed.
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Table 3.2. Ingredient composition (g kg ! as fed) 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.

Reference diet

‘ (g kg ! as fed)
Raw materials

PH

FS

SpPC

Experimental diets (g kg ' as fed)?

HWP PP BP

BY

BYF

LS

Fishmeal 649
Wheat meal 274
Fish oil 67

Vitamin—-mineral mix! 10

754?
192
47

454
192
47

454
192
47

454
192
47

454 454 454
192 192 192
47 47 47
7 7 7

454
192
47

454
192
47

454
192
47

Porcine haemoglobin (PH)
Fermented soybean (FS)

Soybean protein concentrate (SPC)
Hydrolysed wheat protein (HWP)
Potato protein (PP)

Beet pulp (BP)

Brewer’s yeast without fat (BY)
Brewer’s yeast with fat (BYF)

Lithothamnium seaweed (LS)

300

300

300

300
300
300

300

300

300

'Vitamin and mineral mix: Choline, 1; pL-a-tocopherol, 0.5; ascorbic acid, 0.5; (PO4)2Cas, 0.5. Premix composition: retinol acetate, 1,000,000
IU/kg; calciferol, 500 1U/kg; pr-o-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. 230% of the inclusion of fishmeal as candidate raw material was calculated in the total amount of fishmeal. *Experimental diets were
supplemented with 0.5 g kg™' Cr,Os prior to extrusion as digestibility indicator.

FM: Fishmeal; PH: Porcine haemoglobin; FS: Fermented soybean; SPC: Soybean protein concentrate; HWP: Hydrolysed wheat protein; PP:
Potato protein; BP: Beet pulp; BY: Brewer’s yeast without fat; BYF: Brewer’s yeast with fat; LS: Lithothamnium seaweed.
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Table 3.3. Proximate composition (% DM) of the experimental diets included in the tested raw materials for greater amberjack.

Reference Experimental diets (%)
diet (%)

Raw materials 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 68.2 500 539 52.6 61.6 38.3 49.1 49.0 35.0
Crude fat 13.6 12.7 4.1 132 134 10.3 11.9 10.0 8.7 12.6 9.3

Carbohydrate 24.1 17.8 19.1 292 238 29.7 18.2 42.0 33.3 29.7 27.4
Gross energy (MJ/kg) 22.9 22.3 22.6 232 221 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: Brewer’s yeast without fat; BYF: Brewer’s yeast with fat; LS: Lithothamnium seaweed.
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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 g 100g ™"
DM, respectively) and methionine (1.41, 2.01, and 2.20 g 100g71 DM). In detail, LS was included in
the ingredient basket tested in this study to assess its digestibility and potential contribution as a
mineral source. Although the main focus was on commercially available protein or energy sources,
its inclusion was justified by its easy accessibility in the aquafeed market and the lack of existing data
on its utilisation in greater amberjack nutrition.

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. The experimental diets were supplemented with 0.5 g kg~! chromium oxide (Cr.03) before
extrusion as indicator for the digestibility assay. Batches of 10 kg of aquafeed pellets per experimental
diets were produced and stored in the refrigerator (0-4°C) in airtight containers until administration.

The raw materials were provided by different commercial companies, 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 EUROCOY AL 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 Jan¢ Cardedeu S.A. (Girona, Spain; ESP17101263); brewer’s yeast without fat by
Aplicaciones bioldgicas a la nutricion S.L. (Madrid, Spain; ESP28000577); brewer’s yeast with fat
by Aplicaciones bioldogicas a la nutricion S.L. (Madrid, Spain; ESP28000385), and Lithothamnium
seaweed by Oceana Mineral Technology S.L. (Madrid, Spain; ESP28000628).

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 Céadiz (Cadiz, 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 m?), 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 mortality 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™'. Then, the following values were recorded for the other water traits:
salinity, 34.6 + 1.74 g L"'; pH, 8.59 £2.21; NO3 ™, 36.9 + 13.4 mg L™'; NO, ", 0.01 £0.04 mg L'; the
ammonium value was not detectable.
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Digestibility assay

After one month of adaptation, the digestibility trial lasted 140 days. A Latin square
experimental arrangement with 5 diets x 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
environmental 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 experimental diets were calculated according to the following
formula:

ADC (%) =100 x [1— (F/D x DC/FC,)]

where F is the content of nutrient in faeces, D is the content of nutrient in diet, DC is the
content of Cr20s3 in diet, and FC is the content of Cr20s3 in faeces (Cho and Kaushik, 1990). Then, the
apparent digestibility coefficients (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:

ADCrMm (%) = (Nutrep X ADCgp — 0.7 x Nutrrp X ADCrp) / (0.3 x Nutrrm)

where Nutrgp is the nutrient content in the experimental diet (ED), ADCkgp is the apparent
digestibility coefficient of the nutrient in the experimental diet, Nutrgrp is the nutrient content in the
reference diet (RD), ADCrp is the apparent digestibility coefficient of the nutrient in the reference
diet and Nutrry is the nutrient content in the raw material (RM) (Sugiura et al., 1998).

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 according to the following formula
(Brouwer, 1965):

Theoretical gross energy (MJ/kg) = [51.8 x (%C/100)] —[19.4 x (%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,
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Boston, MA, USA) after acid digestion of the sample with HNO3 1.5 N + KCl1 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 X 3.9 mm) and then converted into methionine and cysteine (Bosch
et al., 20006).

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) according to
Rice et al. (2017). The oil leakage of the diets was evaluated based on Sgrensen (2012), in order to
simulate the effect of bag storage; the durability was measured by a DORIS tester (Durability On a
Realistic test; Akvasmart, AKV A group, Bryne, Norway) to evaluate the mechanical 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 (BUHLER, Alzenau, Germany) (ASABE, 2008; procedure
S319.4). The analyses of fresh and dry faeces were performed in triplicates.

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. O 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-TANfina1) = N-TANinitial) / time (h)

where the initial and final amount of N-TAN was calculated by multiplying the volume of
water in the tank by the content of N measured in mg L™!. 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") and converted to mass units
(mg N) to calculate nitrogen excretion. In the results, data of postprandial N-TAN excretion are
presented as total nitrogen produced (mg N-TAN) divided by fish biomass (kg) and time (h) (Garcia
Garcia et al., 2011).
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Statistical analysis

The data were verified to meet the assumptions of normality and homogeneity of variances
through the test of Kolmogorov-Smirnov and Levene, respectively. Apparent digestibility
coefficients of the raw materials, results for turbidity, oil leakage, and DORIS-test of diets,
granulometry of fresh and dried faeces, and water N-TAN contents were submitted to one-way
analysis of variance (ANOV A), with the experimental 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 System, Version Plus 5.1, Herndon, VA,
USA).

RESULTS

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 3.4. The ADCs of dry matter (ADCpwm) 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 ADCpuw, 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 (ADCgaa) changed consistently with ADCpm 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).
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Table 3.4. 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

Tank, n 5 5 5 5 5 5 5 5 5 5

Nutrient (%)

Dry matter 81.8¢ 83.0¢ 61.5% 77.49 59.8° 48.3% 53.7%® 64.4>* 73,04 66.3% 3.07
Crude protein 84.3¢ 88.4¢ 75.5% 82.5% 69.9° 69.8° 55.8% 70.8° 80.9% — 2.07
Crude fat 93.4 93.4 91.3 91.6 94.0 90.3 96.5 — 96.3 — 2.14
Essential amino acids (%)

Arginine 91.1¢ 86.2° 70.28b¢ 82.1% 58.9¢ 61.3% 54.5% 57.5¢  73.9%¢ — 5.30
Phenylalanine 76.7% 86.4° 67.9° 72.4% 70.8% 63.0° 38.1% 35.6% 64.4° — 4.18
Histidine 94.8¢ 90.44 59.0bd 83.0¢ 78.64 33.5¢ 45.3%® 69.3% 83.5¢ — 7.91
Isoleucine 71.3¢ 29.17 56.7% 59.2% 25.1% 27.5% 51.0° 49.1° 68.6™ — 4.48
Leucine 80.1°¢ 91.34 57.9° 72.2¢ 65.4% 69.7% 42.8% 39.7¢ 78.0¢ — 3.45
Lysine 91.3¢ 90.7¢ 67.9° 79.6% 32.6% 63.8° 77.2% 65.6° 70.4% — 4.72
Methionine 89.4 96.9 70.4 75.0 76.5 86.0 69.6 65.2 85.5 — 7.07
Threonine 82.44 82.3¢ 63.8% 67.7¢ 44.2¢ 62.7% 53.4° 64.5  64.5> — 2.87
Valine 75.9% 84.6¢ 61.4%® 64.8" 51.8? 56.9% 49.2% 48.2% 73.5¢ — 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: Brewer’s yeast without fat; BYF: Brewer’s yeast with fat; LS: Lithothamnium seaweed. SEM: standard error of
the mean. Different superscript letters represent significant differences between means at a level of significance of p < 0.05.
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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 3.5). 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 3.5). Regarding the water turbidity (Figure 3.1), FS, HWP, BYF, and PH in
the diets produced less turbidity after 15 min than BY (3.69 mg L!, 3.69 mg L', 3.69 mg L', and
3.63 mg L !vs. 6.01 mg L p < 0.05); after 30 min, BYF, HWP, and PH produced lower turbidity
than BY (4.10 mg L', 3.99 mg L', and 3.93 mg L™! vs. 6.37 mg L!; p < 0.05); after 45 min, PH
produced lower turbidity than BP and BY (4.40 mg L' vs. 8.27 mg L™! and 7.68 mg L™'; p < 0.05);
finally, after 60 min, PH produced lower turbidity than BY (5.54 mg L™! vs. 9.58 mg L™!; p < 0.05).
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Table 3.5. 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 (%) 0.18¢ 0.12% 0.132bc 0.132bc 0.142bcd 0.15%bd 0.11° 0.16>4 0.152bcd 0.17¢ 0.02

DORIS value

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

FM: Fishmeal; PH: Porcine haemoglobin; FS: Fermented soybean; SPC: Soybean protein concentrate; HWP: Hydrolysed wheat protein; PP:
Potato protein; BP: Beet pulp; BY: Brewer’s yeast without fat; BYF: Brewer’s yeast with fat; LS: Lithothamnium seaweed. SEM: standard error of
the mean. Different superscript letters represent significant differences between means at a level of significance of p < 0.05.
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Figure 3.1. 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 O min, 15 min, 30 min, 45 min, 60 min per each experimental diet).
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Faecal particle size

Regarding the volumetric analysis of fresh faeces (Table 3.6), 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).
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Table 3.6. 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) 1.64%  1.64%® 1.65° 1.61% 1.62% 1.59% 1.59% 1.57% 1.63%® 1.54¢ 0.01
Volume (%)

Fine (<0.5 mm) 60.5% 69.5° 64.1% 70.6° 68.7° 68.9° 68.5° 69.7° 61.6* 68.6° 0.09
Middle (0.6—1.2 mm) 25.3%®  257%¢ 296 25.8%¢ 25.7%¢ 27.4% 26.1%¢ 22.3¢% 29.7¢ 29.9¢ 0.11
Large (>1.2 mm) 1429 4.80%  6.37% 3.60% 5.63%¢ 3.67%® 5.40%¢ 8.00% 8.73¢ 1.53¢% 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: Brewer’s yeast without fat; BYF: Brewer’s yeast with fat; LS: Lithothamnium seaweed. SEM: standard error of
the mean. Different superscript letters represent significant differences between means at a level of significance of p < 0.05.
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As for dry faeces granulometry analysis (Table 3.7), 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).
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Table 3.7. 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 M 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 0.78"  0.41*®  0.54% 0.51%® 0.51%® 0.65% 0.65®  0.34* 1.16° 0.48® 0.10
1.0-0.8 13.3¢ 104>  12.8° 8.00% 5.99° 5.12¢ 10.5° 10.4°>  4.59*  8.87%° 0.32
0.8-0.5 20.8°  26.9¢ 17.5° 25.7° 26.3¢ 27.9% 24.8° 27.1¢ 253 29.9¢ 0.23
0.5-0.3 26.0°°  22.7%  20.2° 30.6¢ 25.9% 28.1° 28.6°  24.2% 24.8% 224° 0.20
0.3-0.0 39.1%  38.6°  49.0¢ 35.3¢ 41.2° 38.2i 35.4%  38.0° 44.2¢ 38.4%® 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: Brewer’s yeast without fat; BYF: Brewer’s yeast with fat; LS: Lithothamnium seaweed. SEM: standard error of
the mean. Different superscript letters represent significant differences between means at a level of significance of p < 0.05.
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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 (Figure 3.2), 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-NHs" x kgasn ' x 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™ x kgash | x h) which decreased drastically after 8 h and was
negligible after 12 h. Fish fed the 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* x kgnsn | x h, respectively), which remained stable after 8 h.
Moreover, fish fed the diet with FS maintained a low N-TAN excretion after 12 h.
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Figure 3.2. Evolution of Total Ammonia Nitrogen (N-TAN) excretion (mg N-NH4" /kgssh X 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 O h, 2 h,
4 h, 6 h, 8 h, 12 h, 24 h per each experimental diet).
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DISCUSSION

Since 2023, with the studies of Horstmann et al., 2023a, Horstmann et al., 2023b, Horstmann
etal., 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 materials 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 potential 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 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 determinants, e.g. their origin and
freshness, the processing techniques, and the storage conditions besides the method of faeces
collection (Hoerterer et al., 2022; Tomas-Vidal et al., 2019; Windell et al., 1978). Under the condition
of the present study, porcine haemoglobin showed higher ADCpwm (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, Booth et al., 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 digestibility (Cho et al., 1982).

As regards fishmeal, compared to the present results, a similar value of ADCpm was found by
Tomads-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 ADCpm 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, phospholipids, 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 brewer’s 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 ADCpm and ADCcp
than those founded in this study (—29.1% and —11.3%, respectively) were found in greater amberjack
fed diets containing up to 50% soybean meal (Tomés-Vidal et al., 2019), whereas similar values were
found when yellowtail kingfish were fed diets containing up to 40% soybean meal (Masumoto et al.,
1996; Watanabe et al., 1992). Regarding the ADCs of brewer’s 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, Estévez et al., 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 brewer’s yeast. On the other side, the present study reported lower ADCs
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for brewer’s yeast without fat compared to the aforementioned one containing fat (—11.8% of ADCpwm
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
470 g kg ! brewer’s yeast with 1.7% fat compared to a fishmeal-based control diet. In fact, brewer’s
yeast likely contains compounds (e.g. high levels of nucleic acids) which utilisation 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 500 g kg™! of hydrolysed wheat products (Storebakken et al., 2000,
Storebakken et al., 2015). Compared to our results, a higher ADCcp (+24.5%) was also reported by
Tomés-Vidal et al. (2019) for greater amberjack fed diets containing 300 g kg ! 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. a-solanine and a-chaconine) which
are toxic and induce gastrointestinal and neurological 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, Welker et al., 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, Welker et al., 2020b).

In fact, a low quality of faeces produced with commercial diets in yellowtail kingfish has been
described by Horstmann et al., 2023a, Horstmann et al., 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, Horstmann et al., 2023b, Horstmann et al., 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
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profitable technique for aquafeed production is extrusion, soft pellets are well accepted by yellowtail
species, particularly at low environmental temperatures, making them an alternative to daily-use
extruded pellets (Garcia-Gémez, 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 brewer’s 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 ingredients of the experimental diet (Adhikari
et al., 2018; Piazza and Garcia, 2010, Piazza and Garcia, 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, disintegration 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 measurements (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 observations 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 utilisation, 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 between 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, intestinal 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 (Giiroy 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
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besides environmental sustainability of RAS farmed greater amberjack by minimising waste
production and postprandial nitrogen excretion.

CONCLUSION

This study aimed to understand the potential of utilisation 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 brewer’s 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 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 species such as greater amberjack.
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INTRODUCTION

According to FAO (2020), the global supply of meat and seafood protein must be increased
from about 300 to nearly 500 million tons by 2050 to feed the worldwide population. High quality
and healthy fish products are expected to greatly contribute to meet this need, with aquaculture
products supplying over 70% of the expected increase (EUMOFA, 2020). However, to fulfil the
future demands, aquaculture must promote its sustainable development.

In fact, aquaculture production systems must abate the use of natural resources (water and
soil) and control the production of wastes (Ahmed and Turchini, 2021). This requires optimisation of
management in all systems, including recirculating aquaculture systems (RAS) (Binet et al., 2020).
In RAS, aquafeed is the primary external input, which has to be specifically designed in terms of
nutritional and physical quality to support fast-growing and healthy fish, while maintaining good
water quality by reducing the production of wastes in terms of quantity and quality of faeces and
uneaten feed (Pulkkinen et al., 2021, Turchini et al., 2019).

As a matter of facts, aquaculture is still reliant on commercial aquafeed made of meal and oil
from forage fish. Although improvements were made in the last decades, further research is still
needed to find suitable protein and lipid sources to replace fishmeal (FM) and fish oil (Naylor et al.,
2021). Besides, alternative feed inputs for the aquaculture sector will have to grow at a fast pace,
while controlling costs and reducing reliance on expensive fish-based ingredients (Wang et al., 2015).

In the landscape of aquafeed formulations, several protein meals (such as processed animal
proteins - PAPs - or vegetable protein meals) have been tested as alternative or supplementary protein
sources to satisfy the dietary requirements of targeted farmed species (Keramat-Amirkolaie, 2014;
Kjaer et al., 2016; Zhu et al., 2014). Among PAPs, poultry by-product meal is one of the most
promising alternatives to fishmeal due to its high protein content, relatively cheap price, and broad
availability (Galkanda-Arachchige et al., 2020). Along with poultry by-products, feather meal is
another protein-rich and cost-effective ingredient obtainable from the poultry rendering industry
(Pfeuti et al., 2019a, Pfeuti et al., 2019b). Among vegetable alternatives to fishmeal, rapeseed meal
shows one of the best amino acid profiles (Collins et al., 2012) and a very competitive price (Hardy,
2010).

In most experimental trials using alternative protein meals, diets still contained high levels
(40-60%) of fishmeal (Gasco et al., 2019), whereas, due to the high and steadily increasing price of
fishmeal (Naylor et al., 2021), only 10-20% of this ingredient is currently included in practical diets
for rainbow trout (Banjac et al., 2021, Biasato et al., 2022, Caimi et al., 2021, Chemello et al., 2020,
Jannathulla et al., 2019).

In RAS, aquafeeds must also be of excellent physical quality for the most efficient handling,
storage and administration (Funk et al., 2019) as well as produce large faecal particles for a rapid
removal from the system (Moccia et al., 2007, Welker et al., 2021). Changes in feed ingredients can
affect the technical quality of the feed, such as oil leakage, durability, and its stability in water as well
as waste production (Sgrensen, 2012). However, knowledge about the performance of diets based on
alternative raw materials in the aquaculture environments as for waste production is still scarce
(Luthada-Raswiswi, 2021).

Thus, the purpose of this study was to evaluate the effect of the inclusion in feed formulation
of commercially available protein meals alternative to fishmeal, i.e. poultry by-product meal,
hydrolysed feather meal and rapeseed meal, on fish growth performance and digestibility of diets, the
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physical properties of feed pellets, and the dietary effect on the quality of faeces, with the general aim
of optimizing the efficiency of waste management in RAS for rainbow trout.

MATERIALS AND METHODS

Ethics statement

The experimental procedures were conformed to the European Community Directive (No.
2010/63/EU) (EC, 2010), and authorized by the Czech Ministry of Health (No. MSMT-6744/2018—
2), regarding the protection of animals used for experimental and other scientific purposes. Research
staff involved in animal handling were animal specialists and veterinary practitioners.

Raw materials and diets

Poultry by-product meal (690 g kg™! crude protein - CP; 99 g kg™! crude fat - CF; 127 g kg™
ash), hydrolysed feather meal (850 g kg™! CP; 61 gkg™! CF; 21 g kg! ash) and rapeseed meal (320 g
kg™' CP; 49 g kg'! CF; 62 g kg! ash) were commercially available products, obtained according to
standard practices (de Blas et al., 2019). In detail, poultry by-product meal was derived from poultry
and turkey offal and originated in Spain. Hydrolyzed feather meal, obtained from poultry and turkey
feathers, originated in Spain, Italy and France. Rapeseed meal, derived from Brassica napus L.
cultivation, was sourced from Italy and Croatia. The fishmeal used in the diets contained 660 g kg
CP, 89 gkg ! CF, and 170 g kg™ ! ash. It was derived from trimmings of Atlantic mackerel (Scomber
spp.), horse mackerel (Trachurus spp.), and salmon (Salmo spp.) sourced from FAO 27 (Northeast
Atlantic).

Poultry by-product meal, hydrolysed feather meal and rapeseed meal were used at different
inclusion levels in four practical diets formulated to have a control diet (diet FM) containing 307 g
kg ! fishmeal and 61.2 g kg™! of poultry by-product meal and three more diets in which fishmeal was
reduced by 36-44% and replaced by other protein sources alone or in combination. The replacement
rate in the diets containing alternative proteins was set to have isonitrogenous diets with a fishmeal
content below 200 g kg™' (171-198 g kg!), consistently with current commercial aquafeeds for
rainbow trout. In detail, in diet PBM, fishmeal was reduced to 183 g kg ! and poultry by-product meal
increased till 168 g kg (fishmeal replacement rate 40%); in diet FeM, fishmeal was partially
substituted with 76.5 g kg™! of hydrolysed feather meal (fishmeal replacement rate 36%); in diet
FeM+RM, fishmeal was partially replaced by 76.5 g kg! of hydrolysed feather meal and 60.4 g kg™
of rapeseed meal (fishmeal replacement rate 44%) (Table 4.1). Other protein sources were included
in all diets to reach the targeted protein level: porcine haemoglobin (114-115 g kg '), soybean protein
concentrate (99.5 g kg™') and other minor sources (bacterial protein, wheat gluten, hydrolysed fish
protein). The inclusion level of these protein sources was constant among the diets. Wheat flour varied
from 111 to 146 g kg! to adjust nutrient and energy concentration. Lipids were mainly provided by
rapeseed oil (198 g kg™') and little fish oil (22.4 g kg™'). The four diets were formulated to be
isonitrogenous (CP: 49% DM), 1solipidic (CF: 26% DM) ), and isoenergetic (gross energy: 23 MJ
kg!), as shown in Table 4.1.
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Table 4.1. Ingredients (g kg' as fed) and proximate composition (% DM) of the diets
including different combinations of protein meals and fed rainbow trout for 84 days.

Diet
FM PBM FeM = FeM+RM

Ingredients (g kg™ as fed)

Fishmeal from fish by-products' (CP 66% DM) 307 183 198 171
Poultry by-product meal® (CP 69% DM) 61.2 168 61.2 61.2
Hydrolysed feather meal® (CP 85% DM) 0 0 76.5 76.5
Rapeseed meal* (CP 32% DM) 0 0 0 60.4
Porcine haemoglobin 115 115 114 114
Bacterial protein meal from C. glutamicum 38.3 38.3 38.3 38.3
Soy protein concentrate 99.5 99.5 99.5 99.5
Wheat flour 121 131 146 111
Vital wheat gluten 12.3 12.3 12.3 12.3
Hydrolysed fish proteins 10.3 10.3 10.3 10.3
Fish oil 22.4 22.4 22.4 22.4
Rapeseed vegetable oil 198 198 198 198
DL-Methionine 5.40 6.10 7.70 7.70
Monoammonium phosphate 0 6.20 5.40 7.70
Vitamin and mineral premix® 9.40 9.40 9.40 9.40
Vitamin C 0.70 0.70 0.70 0.70
Proximate composition

Dry matter (%) 93.7 93.4 93.5 93.6
Crude fat (% DM) 25.8 26.0 25.8 25.8
Crude protein (% DM) 48.6 49.0 49.0 48.7
Ash (% DM) 7.89 6.77 5.62 5.51
Crude fibre® (% DM) 1.97 2.47 2.53 2.53
Gross energy’ (MJ kg™') 22.8 23.0 23.1 23.1

CP: Crude protein; DM: Dry matter. 'Fish meal from fish by-products (Scomber spp.,
Trachurus spp., and Salmo spp. trimmings; origin FAO 27): crude lipid 8.9%, ash 17.0%; *poultry
by-product meal (poultry and turkey offal; origin Spain): crude lipid 9.9%, ash 12.7%; *hydrolysed
feather meal (poultry and turkey feathers; origin Spain, Italy, and France): crude lipid 6.1%, ash 2.1%;
*rapeseed meal (Brassica napus L.; origin Italy and Croatia): crude lipid 4.9%, ash 6.2%. >Vitamin
and mineral premix (quantities in 1 kg of mix): Vitamin A, 4,000,000 IU; Vitamin D3, 800,000 IU;
Vitamin C, 25,000 mg; Vitamin E, 15,000 mg; Inositol, 15,000 mg; Niacin, 12,000 mg; Choline
chloride, 6000 mg; Calcium Pantothenate, 3000 mg; Vitamin B1, 2000 mg; Vitamin B3, 2000 mg;
Vitamin B6, 1800 mg; Biotin, 100 mg; Manganese, 9000 mg; Zinc, 8000 mg; Iron, 7000 mg; Copper,
1400 mg; Cobalt, 160 mg; Iodine 120 mg; Anticaking and Antioxidant + carrier, making up to 1000
g. Antioxidant premix 0.50 g kg'. °Crude fibre content of each experimental diet was used as
indicator for the calculation of the apparent digestibility coefficients. ’Calculated based on data of
raw materials available at NaturAlleva (VRM s.r.l., Cologna Veneta, Verona, Italy).
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The four diets were produced by NaturAlleva (VRM s.r.1., Cologna Veneta, Verona, Italy) as
a sinking extruded pellet with a 3.0-mm diameter. All diets met the nutritional requirements for
rainbow trout set out by the National Research Council (NRC, 2011).

Feed production cost of the four diets was calculated at the production plant gate based on the
costs of all ingredients per each diet. Costs of labour, packaging and transport were not included.

Rearing conditions and fish

The experimental RAS was located at the Institute of Aquaculture and Protection of Waters
(IAPW, Faculty of Fisheries and Protection of Waters), University of South Bohemia in Ceske
Budejovice, Czech Republic. The RAS consisted of 12 rectangular white rearing tanks (volume 300
L per tank), 4 submerged biofilter tanks (volume 3500 L per tank) with bio-elements (BT 10, Ratz
Aqua & Polymer Technik GmbH, Remscheid, Germany), and 4 sump tanks (volume 3500 L per
tank). The RAS used filter foam (Bioakvacit PPI 10, Jezirka Banat, s.r.0., Hnévotin, Czech Republic),
drum filter (AEM ECO15, DVS-FilterTechniek, Kerkrade, Netherlands), and water-gas mixer (Type
250, Ratz Aqua & Polymer Technik GmbH, Remscheid, Germany).

Tanks with fish were supplied with a water flow of 4-5 L min! by regulating pumps (DM-
20,000 Vario, AquaForte, Veghel, Netherlands). Water temperature was maintained using air-
conditioning (Inverter, LG, Seoul, South Korea). Photoperiod was 12L:12D with a light period
between 7:00-19:00. Light intensity, measured using a light metre (DT-8809, Cem, Shenzhen,
China), was 450 Ix over the tanks with fish.

Water temperature, pH, and oxygen contents were daily measured using a multi-parameter
probe (HI98194, Hanna Instruments, Woonsocket, Rhode Island, USA); NH4", NH3, NO;~
concentrations were measured three times a week using LCK cuvette tests with barcode and
spectrophotometer (DR 2800, Hach Lange, Loveland, Colorado, USA). During the trial, the
temperature of outlet water was 15.4 + 1.0 °C; oxygen saturation was at 93.9 + 5.8% (morning time),
91.9 £ 5.5% (afternoon time); pH was 7.13 + 0.38; NH4* 0.95 + 0.59 mg L' NH3 0.002 + 0.004 mg
L NO, 0.52+032mgL".

A total of 1020 rainbow trout (initial live weight 17.2 + 7.50 g fish ™) were purchased from a
commercial farm (Vladimir Sefl Buganovice, Busanovice, Czech Republic) and transported after one
day of fasting to IAPW facility. Prior to the experiment, fish were acclimated to the system for 21
days. Then, 85 rainbow trout per tank were randomly placed in the 12 tanks with an initial stocking
density of 7.71 kg m>. The trial lasted 84 days.

Fish were fed twice a day to satiation (8:00 and 15:00) and the theoretical feed ration was
calculated assessing the thermal growth coefficient (TGC) and the daily feed intake (DFI) using the
following formulas (Thodesen et al., 2001):

TGC = [final body weight (g)!”® — initial body weight (g)'*] /Y. Sum day temperature (°C).

DFI = 100 x daily feed intake (g) / fish body weight (calculated from the TGC).

Fish performance and in vivo recordings

At the beginning of the trial, a total of 50 fish were randomly sampled from each of the 12
tanks (600 fish in total) and fish live weight, total length and standard length were individually
measured. These measurements were replicated on the days 28, 52 and 84 of the trial. For these
recordings, fish were removed from their tank, placed in a separate one with oxygen supply, and
anaesthetised with clove oil containing 87% eugenol (0.03 mL L' of water). They were individually
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photographed (DSC-HX60, Sony, Tokyo, Japan) and their biometry measured by a millimetre ruler
on a scale (accuracy 0.01 g) (ImageJ programme; SKX222, Ohaus, Nédnikon, Switzerland).

Finally, weight gain, specific growth rate (SGR) and feed conversion ratio (FCR) were
calculated for all sampled fish on a tank basis as follows:

Weight gain (%) = [average final weight (g) — average initial weight (g)] / average initial
weight (g) x100.

SGR (% day!) = [In (average final weight (g) — In (average initial weight (g)] x 100/days of
trial.

FCR = weight of dry feed distributed (g) / weight gain of fish (g).

Recordings at fish slaughtering

At the end of the trial, 252 fish (21 fish per tank; 63 fish per dietary treatment) were randomly
selected and anesthetized using the eugenol bath, euthanized by eugenol overdose, and then
individually weighed and finally eviscerated and dissected. Weights of the carcasses and selected
tissues (viscera, liver, spleen, digestive tract, and perivisceral fat) were determined to the nearest
0.0001 g (Adventurer Pro AV264C, Ohaus, Ninikon, Switzerland). Thereafter, hepatosomatic,
splenic, viscerosomatic, and perivisceral fat indexes, relative gut length, relative gut mass,
and carcass yield were calculated as shown below:

Viscerosomatic index (%) = viscera weight (g) / fish weight (g) x 100.

Hepatosomatic index (%) = liver weight (g) / fish weight (g) x 100.

Perivisceral fat index (%) = perivisceral fat weight (g) / fish weight (g) x 100.

Spleen somatic index (%) = spleen weight (g) / fish weight (g) x 100.

Relative gut length = intestine length (cm) / total length (cm).

Relative gut mass = gut weight without perivisceral fat (g) / fish weight (g).

Carcass yield (%) = carcass weight (g) / fish weight (g) x 100.

Faeces collection

The tanks were equipped with a removable chamber positioned at the bottom of rearing tank
(Cho et al., 1982). It uses an upwelling wide-bore outlet tube with low flow speed that allows for the
settlement and recovery of faeces. Removable chambers for faeces collection were cleaned 30 min
after each feeding to avoid contamination of the faeces by feed.

Every 5 days during the 84 days of the trial, faecces were collected at 7:30 and 14:30. Faeces
were siphoned out via cones, let to settle down and centrifuged (NEYA 16, REMI
ELEKTROTECHNIK LTD, Vasai-Virar, India) at 4000 rpm for 10 min. Subsequently, the samples
of faeces were freeze-dried (Lyophilizator ALPHA 1-4, Christ, Osterode am Harz, Germany) before
the chemical and physical analyses. Freeze-dried faeces collected during the trial were merged,
maintaining the traceability of the tank; three pools (one every 5 collection events) per each of the 3
tanks (replicates) of the 4 dietary treatments were sampled, for a total of 36 samples analysed.

Apparent digestibility coefficients (ADC) of diets were calculated for crude protein and crude
fat, using crude fibre as indicator (Krontveit et al., 2014) in line with industrial practices, and
according the following formula (Cho et al., 1982):

ADC (%) = 100 — [100 x (% crude fibre in feed / % crude fibre in faeces) x (% nutrient in
faeces / % nutrient in feed)].
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Chemical analysis of diets and faeces

For chemical analysis of diets, three replicates per diet were sampled (12 samples in total).
The crude protein (#984.13), crude fat (#920.39), and ash (#942.05) contents of diets and faeces were
analysed using AOAC methods (AOAC, 2019). The fibre content was measured following the
procedure described by Reg CE 152/2009 (EC, 2009).

Physical analysis of feed pellets and faeces

Physical analyses of pellets were performed in triplicate. The water turbidity due to the
presence of suspended solids leached from the feed was measured according to Rice et al. (2017);
briefly, feed samples (5 g) were added to distilled water (100 mL) in a beaker (3 beakers per
treatment) and water samples were collected every 15 min to measure turbidity using a
spectrophotometer (7305 Spectrophotometer, Stone, Staffordshire, UK) with a single 10 x 10 mm
cuvette and set at a wavelength of 652 nm. To simulate the effect of bag storage, the oil leakage was
evaluated according to Sgrensen et al. (2011); the durability was assessed by a DORIS tester
(Durability On a Realistic test, Akvasmart, AKVA group, Bryne, Norway) to determine the
mechanical stress resistance of a feed sample (Aas et al., 2011).

On each pool of faeces collected per month and per tank, the particle size was measured
according to the American Society of Agricultural and Biological Engineers (ASABE, 2008),
procedure S319.4, in triplicate (i.e. 36 analysis). The determination of the faecal particle size was
based on the fractionation of the sample by sieves (Endecotts, London, UK) with a defined mesh size
(1.2 mm, 1.0 mm, 0.8 mm, 0.5 mm, 0.3 mm and 0.0 mm) inserted in a sieve shaker (BUHLER,
Alzenau, Germany).

Statistical analysis

Data of trout biometry and growth performance, physical analysis of feed (oil leakage, DORIS
value), and faecal particle size were analysed by a one-way ANOV A using the PROC GLM of SAS
(Statistical Analysis System; version 9.3, 2013, SAS Institute, Cary, NC, USA) (SAS, 2013). The
model considered the diet as the main effect. Data of diet digestibility were analysed by a two-way
ANOV A using the PROC GLM of SAS with diet, days of trial and their interactions as main effects.
Data of water turbidity were analysed by a two-way ANOV A using the PROC MIXED of SAS with
diet, feed dwell time in water and their interactions as main effects and data obtained from the same
beaker were treated as repeated measures. Bonferroni's test was used to compare means. Differences
among means with p < 0.05 were assumed to be statistically significant.

RESULTS

Physical characteristics of feeds

The oil leakage in feeds ranged between 1.10% and 1.50% (Figure 4.1a). The durability test
showed that the shares of small and large fractures in the feed were always below 1%, with no
differences between diets (Figure 4.1b). Regarding the water turbidity, after 15 min, diet FeM
produced less turbidity than diets FM, PBM and FeM+RM (2.74 mg L' vs. 7.02 mg L™ and 13.5 mg
L' and 17.8 mg L™!; p <0.001). After 30 min, diet FeM+RM produced lower turbidity than the other
diets (23.9 mg L' vs. 30.4 mg L' and 36.4 mg L' and 40.4 mg L' in FM, PBM and FeM,

128


https://www.sciencedirect.com/science/article/pii/S2352513422004318#bib6
https://www.sciencedirect.com/science/article/pii/S2352513422004318#bib27
https://www.sciencedirect.com/science/article/pii/S2352513422004318#bib58
https://www.sciencedirect.com/science/article/pii/S2352513422004318#bib63
https://www.sciencedirect.com/science/article/pii/S2352513422004318#bib1
https://www.sciencedirect.com/science/article/pii/S2352513422004318#bib7
https://www.sciencedirect.com/science/article/pii/S2352513422004318#bib75
https://www.sciencedirect.com/science/article/pii/S2352513422004318#fig0005
https://www.sciencedirect.com/science/article/pii/S2352513422004318#fig0005

CHAPTER 4: SECOND CONTRIBUTION

Alternative protein meals in practical diets for rainbow trout (Oncorhynchus mykiss) reared in RAS

respectively; p < 0.001). Then, from 45 min onwards, water turbidity did not differ among diets
(Figure 4.2).
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Figure 4.1. Oil leakage (a) and DORIS value (b) of diets including different combinations of
protein meals and fed rainbow trout for 84 days. Data are represented as means + standard error of
the mean. No statistical differences were found among the diets.
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Figure 4.2. Effect of diets including different combinations of protein meals 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 (p < 0.001) between means.

Faecal particle size
As for faeces retained at a sieve mesh interval of 0.5—0.8 mm, the highest rate was produced

by fish fed diet PBM (33%) and the lowest rate by fish fed FM diet (29%); intermediate values were
recorded for diets FeM and FeM+RM (30.5%; p < 0.05). At a sieve mesh interval of 0.3—0.5 mm, fish
fed diet PBM produced a higher percentage of retained faeces (64%) compared to the other diets
(59.3%; p<0.001) (Figure 4.3).
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Figure 4.3. Percentage of dried faeces retained from different sieve mesh sizes (mm) and
obtained from rainbow trout fed for 84 days diets including different combinations of protein meals.
Different letters above bars represent significant differences (p <0.05 for 0.5 mm of mesh size and
p <0.001 for 0.3 mm of mesh size) between means.

Apparent digestibility coefficients of nutrients in the diets

The ADC of protein were different among the four diets (p <0.001) with the lowest value
associated to diet FeM (79.6%) and the highest value to diet PBM (86.0%) (Table 4.2). Moreover,
ADC of protein significantly increased over time (p <0.001), from 80.3% at 28 days of trial to 86.6%
at 84 days of trial (Table 4.2). Significant interaction (p <0.001) between diet and days of trial were
observed, with the lowest protein ADC associated to diet FeM at 28 days of trial (75.2%), while the
highest one to diet PBM at 84 days of trial (89.4%) (Figure 4.4a). The highest increase in ADC of
protein over time was associated to diet FeM (+10.8% from 28 days to 84 days of trial), while the
lowest one to diet FM (+5.44% from 28 days to 84 days of trial).
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Table 4.2. Effect of diet and days of trial on apparent digestibility coefficients of protein and lipids of diets including different combinations
of protein meals and fed rainbow trout for 84 days.

Diet (D) Days of trial (T) p-value RMSE
FM PBM FeM FeM+RM 28 52 84 D T DxT
Nutrients
Protein 84.7° 86.0¢ 79.6° 83.4° 80.3? 83.3° 86.6¢ <0.001 <0.001 <0.001 1.25
Lipids 84.4° 855 71.1° 66.4% 69.7? 77.8 83.0¢ <0.001 <0.001 <0.001 2.22

RMSE: Root mean square error. Different superscript letters represent significant differences between means.

132



CHAPTER 4: SECOND CONTRIBUTION

Alternative protein meals in practical diets for rainbow trout (Oncorhynchus mykiss) reared in RAS

100 -

=
-
28 - 7 84
Days of trial
a) mFM mPBM mFeM mBFeM+RM
100 - e
=
QO
(]
<
28 52 84
Days of trial
b) mFM mPBM mFeM BFeM+RM

Figure 4.4. Protein (a) and lipid (b) apparent digestibility coefficients (ADC) of the diets
including different combinations of protein meals at different days of trial (significant interaction
diets x days of trial). Data are represented as means =+ standard error of the mean. Different letters
above bars represent significant differences (p < 0.001) between means.

The ADC of lipids was higher in diets FM and PBM than in diets FeM and FeM+RM (84.4%
and 85.5% vs. 71.1% vs. 66.4%; p <0.001). Moreover, ADC of lipids significantly increased over
time (p <0.001) from 69.7% at 28 days of trial to 83.0% at 84 days of trial (Table 4.2). A significant
interaction (p <0.001) between diet and days of trial was observed, with the lowest lipid digestibility
associated to diet FeM+RM at 28 days of trial (54.6%), while the highest one to diet FM at 84 days
of trial (92.2%) (Figure 4.4b). The highest increase in lipid digestibility over time was observed in
diet FeM+RM (+42.5% from 28 days to 84 days of trial), while the lowest one in diet FeM (+7.94%
from 28 days to 84 days of trial).
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Fish growth performance, survival rate and somatic indexes

Diets did not affect fish final live weight (191 g, on average), daily weight gain (1.71 g d!),
specific growth rate (2.16% d '), feed conversion ratio (1.05), feed intake (1.65 g DM fish'! day ),
and fish survival (97.7%) (Table 4.3).

Table 4.3. Growth performance of rainbow trout fed diets including different combinations
of protein meals for 84 days.

Diets p-value  RMSE
FM PBM FeM  FeM+RM

Fish per treatment (n) 255 255 255 255

Tanks (n) 3 3 3 3

Initial weight (g) 26.9 27.5 27.2 26.7 0.38 4.15
Final weight (g) 199 191 189 186 0.08 36.4
Daily weight gain (g d') 1.72 1.73 1.69 1.70 0.96 0.10
Specific growth rate (% d ) 2.20 2.17 2.14 2.12 0.13 0.04
Feed conversion ratio 1.03 1.05 1.07 1.06 0.72 0.04
Feed intake (g DM fish™! day ™) 1.64 1.64 1.66 1.64 0.25 0.02
Protein efficiency ratio 2.13 2.09 2.06 2.07 0.74 0.08
Survival (%) 99.1 97.7 94.9 99.1 0.10 2.00

RMSE: Root mean square error. Different superscript letters represent significant differences
between means.

Fish viscerosomatic index (24.6% on average) and carcass yield (75.4%) did not differ among
the four diets (Table 4.4). Hepatosomatic index was lower in fish diet FeM+RM compared to those
fed diet FeM (—11.4%; p <0.05), with intermediate values in fish fed diets FM and PBM, while
perivisceral fat index was similar among the diets (4.39%). Spleen somatic index was lower in fish
fed diet FeM+RM compared to those fed diets FM and PBM (-24.1%; p <0.05). Regarding gut,
relative gut length was higher in fish fed diet FeM+RM than in those fed the other diets (+15.6%;
p<0.01), whereas relative gut mass was lower in fish fed diet FM compared to the other fish (—
15.6%; p <0.01) (Table 4.4).
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Table 4.4. Somatic indices and carcass yield of rainbow trout fed diets including different
combinations of protein meals for 84 days.

Diets p-value RMSE

M PBM FeM  FeM+RM

Viscerosomatic index (%) 22.8 24.1 24.6 26.9 0.10 5.31
Hepatosomatic index (%) 1.64% 1.57%*  1.75° 1.552 0.03 0.23
Perivisceral fat index (%) 4.38 3.93 4.31 4.95 0.06 1.21
Spleen somatic index (%) 0.14°> 0.15°  0.13%® 0.11° 0.03 0.04
Relative gut length 0.59*  0.59? 0.61% 0.69° <0.001 0.07
Relative gut mass 0.09° 0.11°>  0.11° 0.10° <0.01 0.02
Carcass yield (%) 77.2 75.9 75.3 73.1 0.10 5.31

RMSE: Root mean square error. Different superscript letters represent significant differences
between means.

Production costs of the diets

The highest production cost per ton of diet was measured for diet FM followed by diet PBM,
diet FeM and diet FeM+RM (from 921 to 862, 844 and 821 € ton™!) (Table 4.5). When costs were
expressed per kg of produced fish, the highest values were recorded for diet FM (0.95 € kg™') and the
lowest for diet FeM+RM (0.87 € kg !), with diet PBM and diet FeM showing intermediate and similar
values (0.91 and 0.90 € kg™') (Table 4.5).

Table 4.5. Production costs of the diets including different combinations of protein meals.

Diets
FM PBM FeM FeM+RM
Feed production cost * (€ ton ™) 921 862 844 821
Feed cost to produce 1 kg of fish (€ kg™') 0.95 0.91 0.90 0.87
Change with respect to control diet (FM) (%) -8 -10 -11

4 Feed production cost at production plant gate: costs of labour, packaging and transport are
not included.
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DISCUSSION

In this study, we evaluated four practical, market-ready diets for rainbow trout characterised
by decreasing levels of fishmeal (from 307 to 171 gkg'; replacement rate 36-44%) and increasing
alternative protein meals such as poultry by-product meal (from 61.2 to 168 gkg!), hydrolysed
feather meal (from 0 to 76.5 gkg!), and rapeseed meal (from 0 to 60.4 gkg ™).

As for PAPs, the moderate inclusion (168 gkg™') of poultry by-product meal (diet PBM) did
not impair trout growth and FCR where poultry by-product meal can be largely included (up to
590 g kg!) as protein source in rainbow trout diets without affecting growth and feed conversion ratio
(Keramat-Amirkolaie et al., 2014, Parés-Sierra et al., 2014, Yanik et al., 2003). In our study, the
inclusion of 76.5 gkg ™! of hydrolysed feather meal with 61.2 gkg™! of poultry by-product meal and
198 gkg™! of fishmeal (diet FeM) did not affect rainbow trout growth performance and feed
conversion ratio while reducing aquafeed production costs by 8% (Table 4.5). In fact, feather meal
composition and digestibility remain extremely variable (Pfeuti et al., 2019b) and a blend of
hydrolysed feather meal with other protein meals is suggested to better balance dietary amino acid
profile (Yu, 2019). Based on our results and previous literature (Bureau et al., 2000), hydrolysed
feather meal could be effectively incorporated from 76.5 to 150 gkg™' in diets for juvenile rainbow
trout with a fishmeal content < 200 g kg™!, whereas higher inclusion levels seem to be possible only
through additional enzymatic pre-treatments of the feathers and amino acid supplementation (Pfeuti
et al., 2019a, Pfeuti et al., 2019b).

As for vegetable alternatives, our study suggests that a low inclusion of rapeseed meal in
combination with animal protein meals can be successfully applied in practical diets for rainbow trout
juveniles. Previous studies showed that growth impaired in trout fed diets with 50 g kg~'of rapeseed
meal and 205 gkg'of fishmeal (Burel et al., 2000), or diets with 75 gkg 'of rapeseed meal in
combination with other vegetable proteins and 160 gkg ' of fishmeal (Alami-Durante et al., 2010),
and with 500 g kg™ of rapeseed meal and 245 gkg™! of fishmeal (Burel et al., 2001).

Indeed, we measured the highest protein digestibility in the diet with the highest inclusion of
poultry by-products (diet PBM). High digestibility of poultry by-product meal has already been
reported in studies on rainbow trout (Badillo et al., 2014, Galkanda-Arachchige et al., 2020), with
ADC of protein comparable to those reported for fishmeal, ranging from 69% to 96% (Sealey et al.,
2015), while a reduction in protein digestibility was observed when diets included rather high levels
(300-450 gkg ™) of poultry by-product meal (Alexis et al., 1985, Keramat-Amirkolaie et al., 2014).

The practical diets tested in the present study containing feather meal showed ADC of protein
similar to that of previous studies on feather meal-rich diet for rainbow trout (75-87%) (Bureau et al.,
1999, Bureau et al., 2000), but lower values compared to diets based on fishmeal and poultry by-
product meals. This confirms that the inclusion of hydrolysed feather meal in rainbow trout diets has
to be carefully evaluated in terms of protein and amino acid digestibility (Bureau et al., 1999, Cheng
and Hardy, 2002, Cho et al., 1982) and further research is needed to find pre-treatment methods to
improve the nutrient availability of the feathers (Pfeuti et al., 2019a, Pfeuti et al., 2019b).

On the other hand, scant information is available about lipid digestibility of PAPs-rich diets
for rainbow trout (Bureau et al., 1999, Bureau et al., 2000). In other species such as Nile tilapia
(Oreochromis niloticus) (Tran-Ngoc et al., 2019) and orange-spotted grouper (Epinephelus coioides)
(He et al., 2022), ADC of lipids were significantly lower with hydrolysed feather meal-rich diets
compared to fishmeal-based ones. In our trial, diets PBM and FM showed good ADC values for lipids
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(85% on average), whereas ADC of feather-meal-containing diets were fairly below 80% (66.4-
71.1%) consistently with literature (Hua and Bureau, 2009).

Compared to fishmeal, alternative protein ingredients could affect nutrient utilisation, energy
metabolism and allocation, besides body composition (Hoerterer et al., 2022, Glencross et al., 2020).
For instance, the inclusion of vegetable proteins in rainbow trout diets has been found to impact on
the hepatic content of glycogen and lipids (Krogdahl et al., 2005). In our study, fish fed the diet
containing hydrolysed feather meal showed the highest hepatosomatic index, whereas those fed diets
including both hydrolysed feather and rapeseed meals displayed the lowest one. On one hand, an
increase of hepatosomatic index was attributed either to a suboptimal amino acid profile of the
vegetable proteins that induced fat deposition in the liver or to an impairment of starch metabolism
(Gaylord and Barrows, 2009, Kaiser et al., 2022, Yao et al., 2019); on the other hand, a reduction of
the hepatosomatic index, as observed in our study, might be related to a decreased availability of
nutrients with a consequent depletion of the hepatic deposits of glycogen and lipids used to maintain
metabolism (Kaiser et al., 2022).

As for the physical quality, feed pellets for salmonids have to contain up to 40% of lipids and
tolerate high levels of mechanical and thermal stress during the transportation to the farm and during
storage (Chaabani et al., 2020, Dethlefsen et al., 2017). Oil leakage will eventually interfere with the
nutritional quality of pellets and if oil is released in the tanks, it can pollute pipes and biological filters
and small particles may be stuck in the system (Chaabani et al., 2020). Oil leakage rates ranged from
1.2% and 4.7% in rainbow trout and Atlantic salmon feeds with different lipid (Chaabani et al., 2020)
and protein (Banjac et al., 2021) sources, which are in line with our findings (1.30% on average).
While the increase in the dietary protein content is recognized to lead to a more compact structure of
the feed, resulting in an increased durability (Banjac et al., 2021), few information is available about
the effects of protein sources. Based on literature, the inclusion of soybean led either to an increase
(Hussain et al., 2022) or to a decrease (Samuelsen et al., 2022) of feed durability compared to a
fishmeal-based diet, whereas the only two studies regarding PAPs evaluated the effects of the
inclusion of black soldier fly meal or paste (Irungu et al., 2018, Weththasinghe et al., 2021) or cricket
meal (Irungu et al., 2018) in salmonid feeds, showing no notable impacts of the protein source on
pellet structural integrity. In our study, the protein source did not impact on feed durability and all
pellets showed a high durability with a very low amount (0.9%, on average) of fractures produced
after being submitted to the test, in line with previous studies on salmonid feeds (0.4-3.7%) (Banjac
et al., 2021, Irungu et al., 2018, Weththasinghe et al., 2021).

In a close environment like RAS, suspended and dissolved particles deriving from uneaten
feed affect turbidity of water and thus light penetration (Becke et al., 2020, Schumann and Brinker,
2020). The leftover feed in RAS is normally conveyed, filtered, and eliminated from the system in
less than one hour, therefore the first minutes after feed administration are crucial (Dalsgaard et al.,
2013). Our results suggest that the lower turbidity in water produced after 15 min by diet FeM and
after other 15 min by diet FeM+RM might be a consequence of the hydrolysation process of feather
meal, that might have improved the adhesiveness of the meal and the bounding with the other feed
components (Adhikari et al., 2018, Piazza and Garcia, 2010, Piazza and Garcia, 2016), leading to
more water-stable feed.

Finally, in RAS, the formation of large faecal particles is desirable, as they are more rapidly
and easily removed from the system than smaller ones (Brinker, 2009, Unger and Brinker, 2013).
Overall, compared with previous studies on rainbow trout (Welker et al., 2018, Welker et al., 2020,
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Welker et al., 2021), we found a similar proportion of fine particles in faeces (58-64%), but a lower
percentage of mid-large faecal particles (5-7% vs. 21-38%). These differences might be likely related
to the different methods used to measure faecal size, with laser diffraction (Welker et al., 2018) or
microscopic analysis (Welker et al., 2020, Welker et al., 2021) being more accurate than using the
percentage of retained faeces at different sieve mash sizes.

As for faeces particle size, in previous studies, changes were observed with the replacement
of fishmeal with soybean meal and sunflower meal in diets for rainbow trout (Unger and Brinker,
2013, Welker et al., 2020, Welker et al., 2021). These effects were associated to the presence of
antinutritional factors (i.e. protease inhibitors, phytic acid, oligosaccharides) in plant sources (Welker
et al., 2021), which reduce nutrient digestibility and cause diarrhoea that decreases faecal stability
(Welker et al., 2020). On the other hand, diets mainly containing animal proteins such as fishmeal
and poultry by-product meal likely produce greater amounts of large and mid-size faecal particles,
which is likely related to the higher digestibility of these sources compared to plant-based ones
(Schumann and Brinker, 2020). In our study, the diet PBM, containing poultry by-product meal and
fishmeal as main protein sources, showed the highest protein digestibility and was associated to a
higher size of faeces particles.

CONCLUSION

This study provides new insights into the inclusion of alternative protein meals, such as
poultry by-product meal, hydrolysed feather meal and rapeseed meal, in diets for rainbow trout reared
in RAS.

Under our conditions, the partial substitution of fishmeal from fish by-products with
alternative protein meals did not affect trout growth performance and feed conversion ratio. The
digestibility of protein resulted satisfactory (>80%) for all diets, whereas improvement for lipid
digestibility is desirable in diet containing hydrolysed feather meal and rapeseed meal.

The change of the protein sources did not affect the physical quality of the feeds, which
showed a high structural integrity and a low oil leakage. The inclusion of hydrolysed feather meal
reduced water turbidity during the first thirty minutes after feed administration and the inclusion of
poultry by-product meal induced the production of larger particles of faeces, which are considered
positively in view of the reduction and collection of wastes in a RAS system.

A comprehensive evaluation of aquafeeds, by considering not only their nutritional aspects
but also their physical characteristics and effects on waste production together with economic
impacts, would be paramount for future feed formulations, especially when designed for sustainable,
highly controlled, and resource-efficient environments like RAS.
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INTRODUCTION

Global seafood consumption is expected to increase by 15% and reach 21.4 kg per capita by
2030 (Love et al., 2021) to almost double by 2050 (Naylor et al., 2021), which calls for the
diversification of farmed fish species to sustain aquaculture productions (Chan et al., 2024). The
global production of African catfish (Clarias gariepinus, Burchel, 1822) reached 231 million tons
(674 million USD) in 2021 (FAO, 2022), with Nigeria leading the production followed by other
African and Asian countries (Dauda et al., 2018). Farming systems are based on earthy and clay
pounds (FAO, 2022) which are cost-effective and scalable, providing natural feed sources and
ecological benefits, but challenging as for water management and disease control (Onyia et al., 2021).
In Europe, the farming of Siluriformes species is less widespread, with significant commercial
production (6.8 million tons in 2020) (FAO, 2022) of African catfish limited to the Netherlands,
Germany and Belgium, mainly reared in land-based systems (Rosa et al., 2007). The lack of catfish
production is mainly due to cultural habits, taste perceptions, poor marketing, concerns about farming
practices, and competition with more established fish alternatives, which collectively reduce
consumers’ demand for catfish and diminish farmers' interest in this practice (Varadi, 2001).
Nevertheless, catfish species would be promising for European land-based aquaculture because of
their fast growth (specific growth rate up to 2.28% day ') and efficient feed conversion ratio (0.87—
0.97) (Ali and Jauncey, 2005; Hargreaves and Tucker, 2003; Hecht et al., 1996). Specifically, African
catfish would be suitable for intensive recirculating aquaculture systems (RAS) due to its high
tolerance to a broad range of environmental and water quality conditions (e.g. dissolved oxygen <4.0
mg L™, ammonia >0.34 mg L', presence of water re-use substances) (Prokesova et al., 2021; Schram
et al., 2014) and high stocking densities (up to 500 kg m®) (Van de Nieuwegiessen et al., 2009).

Nowadays, fillets of RAS-reared African catfish are already marketed in leading production
countries (Rosa et al., 2007), where consumers appreciate its tasty meat with a high nutritive value,
i.e. high-crude protein (17-18% of which 42.5% essential amino acids), relatively low-fat (4-8%,
primarily oleic, linoleic, and palmitic fatty acids), and valuable vitamins and micro-elements (Abdel-
Mobdy et al., 2021). Additionally, African catfish meat is suitable for different preparations and
recipes, such as frying, grilling, smoking and soup (Aderolu et al., 2010; Rosa et al., 2007).

Despite advancements in aquafeed formulation, commercial diets for African catfish still use
fishmeal as a crucial protein source. Current recommendations claim for an 8-10% inclusion of
fishmeal in the diet for optimal growth and health of this fish (Phonekhampheng et al., 2009). This
trend jeopardises the spread of its farming in Europe due to high feeding cost and environmental
concerns (Naylor et al.,, 2021). Among the fishmeal-alternative ingredients tested in freshwater
species, processed animal proteins (PAPs) are safe, low-cost, and protein-rich ingredients (Kumar
and Engle, 2017; Zhu et al., 2011); their use in aquafeeds has been allowed in EU countries (EU
Commission Regulation No. 56/2013) since 2013. From this year onwards, different blends of by-
products from terrestrial animal supply chains (i.e. meat, bone, feathers and blood meals) were tested
in practical diets for all the major aquaculture species with inclusion levels ranging from 35 g kg™’ to
850 g kg ' (see Woodgate et al., 2022 for a review). Furthermore, PAPs contribute to satisfying the
fish nutritional requirements of calcium, phosphorus, and vitamin B2 (Liland et al., 2015). Among
PAPs, poultry by-product meal (PBM) shows great potential as a fishmeal substitute because of its
increasing availability (+8% annual growth expected from 2024 to 2029), cost-effectiveness (380 US
dollars per tons in 2023) (Tridge, 2024), and high protein content (750-900 g kg™') (Galkanda-
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Arachchige et al., 2020; Heuzé et al., 2015). Then, hydrolysed feather meal has also a high protein
content (800-850 g kg ') (Heuzé et al., 2015), worldwide availability (+9% annual growth expected
from 2024 to 2029), and relatively low prices (178 US dollars per tons in 2023) (Tridge, 2024),
followed by poultry dry-blood meal (900-950 g kg ™! of proteins), available in large quantities (+3%
annual growth expected from 2024 to 2029), and at competitive prices (288 US dollars per tons in
2023) (Tridge, 2024) in the aquafeed market (Hertrampf and Piedad-Pascual, 2000; Heuzé and Tran,
2016).

The inclusion of PAPs has the potential to minimise the amount of fishmeal in aquafeeds,
preserving production efficiency and potentially increasing the economic and environmental
sustainability of fish farming, as demonstrated by previous studies in fish species such as Nile tilapia
(Oreochromis niloticus; Ibrahim et al., 2022), gibel carp (Carassius auratus; Yang et al., 2004), and
sea bream (Sparus aurata; Martinez-Llorens et al., 2008). However, few information is available
about the potential benefits of PAPs inclusion in diets for African catfish (Abdel-Warith et al., 2001;
Elesho et al., 2021). In details, experimental diets including from 270 g kg ' to 290 g kg™ ' animal
protein sources (including 80 to 120 g kg™ ' fishmeal), balanced with vegetable protein sources (480
to 608 gkg '), have resulted in promising dietary formulation for African catfish reared in RAS (Shaw
et al., 2024). While the maximum inclusion of PAPs in diet for catfish species is actually considered
to be approximately 300 g kg~ (Kumar et al., 2017), further research is warranted to assess the effects
of high inclusion levels of PAPs in commercial diets in view of a higher environmental and economic
sustainability of diet formulations.

Therefore, this study aimed at evaluating the effects of decreasing levels of fishmeal (90 to 10
g kg'!) and increasing levels of blends of poultry PAPs (227 to 392 g kg ') in four commercially
available, market-consistent, and price-stable practical diets, on digestibility, growth performance and
fillet traits of African catfish (Clarias gariepinus) reared in controlled RAS conditions.

MATERIALS AND METHODS

Ethics statement

The experimental procedures were conformed to the European Community Directive (No.
2010/63/EU) (EC, 2010), and authorized by the Czech Ministry of Education, Youth and Sports (No.
MSMT-6744/2018-2), regarding the protection of animals used for experimental and other scientific
purposes. Research staff involved in animal handling were animal specialists and veterinary
practitioners.

Raw materials and diets

Fishmeal (660 g kg™' crude protein - CP, 89 g kg™ ether extract - EE, and 170 g kg™' ash),
poultry by-product meal (640 g kg™' CP; 99 g kg™' EE; 127 g kg™' ash), hydrolysed feather meal (850
g kg™! CP; 61 gkg™' EE; 21 g kg™! ash), and poultry dry-blood meal (900 g kg™' CP; 5 g kg™ EE; 20
g kg™! ash), commercially available products obtained according to standard practices (De Blas et al.,
2019), were used for the formulation and production of the tested practical diets. Specifically,
fishmeal was derived from trimmings of Atlantic mackerel (Scomber spp.), horse mackerel
(Trachurus spp.), and salmon (Salmo spp.), all sourced from FAO 27 (Northeast Atlantic). Poultry
by-product meal, originating from poultry and turkey offal, was sourced from Spain. Hydrolysed
feather meal, obtained from poultry and turkey feathers, originated in Spain, Italy, and France. Poultry
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dry-bool meal, derived from poultry and turkey slaughterhouse blood waste, was sourced from Spain.
In details, these ingredients were included at different rates in four isonitrogenous (CP: 436 g kg !
DM), isolipidic (EE: 118 g kg'! DM), and isoenergetic (gross energy: 16.5 MJ kg !) practical diets
formulated to have a low and decreasing fishmeal content (from 91 to 10 g kg™') and increasing levels
of poultry PAPs (from 227 to 392 g kg!) (Table 5.1). Specifically, we defined "low," "medium," and
"high" based on the inclusion levels of fishmeal and PAPs of the four commercial diets. These diets
were formulated according to the specifications and requirements of the aquafeed company
NaturAlleva (VRM s.r.1., Cologna Veneta, Verona, Italy), ensuring they meet industry standards for
nutritional balance, ingredient quality, and regulatory compliance. This approach ensures that the
diets are representative of the practical and market-ready formulations used in commercial
aquaculture. In detail, in diet HF-LP (i.e. high fishmeal and low PAPs), fishmeal was included at 91.3
g kg™, poultry by-product meal at 45.2 g kg™'; hydrolysed feather meal at 90.3 g kg™ ' and poultry
dry-blood meal at 91.2 g kg ™! (total PAPs: 227 g kg '). In diet MF-MP (i.e. medium fishmeal and
medium PAPs) fishmeal was reduced at 46.1 g kg™ ! and balanced with 99.3 g kg ! of poultry by-
product meal, 90.3 g kg ™! of hydrolysed feather meal, and 91.2 g kg ! of poultry dry-blood meal (total
PAPs: 281 g kg ). In diet HF-HP (i.e. high fishmeal and high PAPs), fishmeal was included at 92.0
g kg ™!, poultry by-product meal was increased at 141.5 g kg', hydrolysed feather meal was increased
at 127.4 g kg™, and poultry dry-blood meal was reduced at 45.5 g kg! (total PAPs: 314 g kg™").
Finally, in diet LF-HP (i.e. low fishmeal and high PAPs), fishmeal was further reduced at 10.1 gkg ',
poultry by-product meal was included at 164.7 g kg™ !, hydrolysed feather meal at 136.1 g kg™' and
poultry dry-blood meal at 91.6 gkg ! (total PAPs: 392 g kg ') (Table 5.1). Other protein sources were
included in all diets to reach the targeted protein level and to adjust nutrient and energy contents:
soybean meal (0-144.5 g kg™ !), rapeseed meal (135.5-181.4 g kg™ '), wheat meal (162.5-226.8 gkg '),
and other minor sources (corn gluten meal, pea meal, whey protein concentrate, and hydrolysed fish
protein). Amino acids profile of the four diets (Table S5.1) was calculated based on data of amino
acids composition of each raw material available at NaturAlleva production plant gate (VRM s.r.L,
Cologna Veneta, Verona, Italy). Lipids were mainly provided by rapeseed oil (73.1 g kg™!) followed
by fish oil (6.9 g kg'"). All diets met the nutritional requirements for African catfish set out by the
National Research Council (NRC, 2011).

The four diets were produced by NaturAlleva (VRM s.r.1., Cologna Veneta, Verona, Italy) as
a sinking extruded pellet with a 3.0-mm diameter.
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Table 5.1. Ingredients (g kg ™! as fed) and proximate composition (% DM) of the tested
practical diets including different levels of fishmeal and poultry processed animal proteins (PAPs).

Diets
HF-LP MF-MP HF-HP LF-HP

Ingredients, g k! as fed

Fishmeal from by-products' (CP 66% DM) 91.3 46.1 92.0 10.1
Poultry by-product meal® (CP 64% DM) 45.2 99.3 141.5 164.7
Hydrolysed feather meal® (CP 85% DM) 90.3 90.3 127.4  136.1
Poultry dry blood meal* (CP 90% DM) 91.2 91.2 45.5 91.6
Total PAPs 39 226.7 280.8 3144 3924
Soybean meal 144.5 115.5 73.5 0.0
Rapeseed meal 135.5 135.5 136.5 1814
Wheat meal 162.5 180.6  191.1 226.8
Corn gluten meal 41.7 43.6 0.0 0.0
Pea meal 90.3 90.3 91.0 84.9
Total vegetable protein meals 5745 565.5 492.1 493.1
Whey protein concentrate 0.2 0.2 0.2 0.2
Hydrolysed fish protein 12.3 12.3 12.3 12.3
Rapeseed vegetable oil 75.6 75.6 69.3 72.0
Fish oil 7.1 7.1 6.5 6.8
DI-methionine 4.5 4.5 5.5 54
Emulsifier (e484) 1.3 1.3 1.2 1.2
Vitamin and mineral premix’ 5.9 5.9 5.9 5.9
Vitamin C 0.7 0.7 0.7 0.7
Proximate composition

Dry matter, % 90.8 90.8 90.8 90.8
Crude protein, % DM 43.5 43.5 43.6 43.6
Ether extract, % DM 11.7 11.8 11.8 11.9
Ash, % DM 5.11 4.79 5.87 4.57
Crude fibre®, % DM 3.48 3.43 3.36 3.83
Gross energy®, MJ Kg™! 18.5 18.7 19.2 19.7
Digestible energy®, MJ Kg™! 16.1 16.3 16.6 17.0
Digestible protein / digestible energy’, g MJ™! 22.9 22.7 22.1 21.6

CP: Crude protein; DM: Dry matter; Diet HF-LP: high fishmeal and low PAPs; diet MF-MP:
medium fishmeal and medium PAPs; diet HF-HP: high fishmeal and high PAPs; Diet LF-HP: low
fishmeal and high PAPs. 'Fishmeal (Scomber spp., Trachurus spp., and Salmo spp. trimmings; origin
FAO 27): ether extract 8.9%, ash 17.0%; *Poultry-by product meal (poultry and turkey offal; origin
Spain): ether extract 9.9%, ash 12.7%. *Hydrolysed feather meal (poultry and turkey feathers; origin
Spain, Italy, and France): ether extract 6.1%, ash 2.1%; *Poultry dry-blood meal (poultry and turkey
slaughterhouse blood waste; origin Spain): ether extract 0.5%, ash 2.0%; °Vitamin and mineral
premix (quantities in 1 kg of mix): Vitamin A, 4,000,000 IU; Vitamin D3, 800,000 IU; Vitamin C,
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25,000 mg; Vitamin E, 15,000 mg; Inositol, 15,000 mg; Niacin, 12,000 mg; Choline chloride, 6000
mg; Calcium Pantothenate, 3000 mg; Vitamin B1, 2000 mg; Vitamin B3, 2000 mg; Vitamin B6, 1800
mg; Biotin, 100 mg; Manganese, 9000 mg; Zinc, 8000 mg; Iron, 7000 mg; Copper, 1400 mg; Cobalt,
160 mg; lodine 120 mg; Anticaking and Antioxidant + carrier, making up to 1000 g. Antioxidant
premix 0.50 g kg'. ®Crude fibre content of each experimental diet was used as indicator for the
calculation of the apparent digestibility coefficients. ’Calculated based on data of raw materials
available at NaturAlleva (VRM s.r.1., Cologna Veneta, Verona, Italy).

Table S5.1. Amino acid profile (g 100g™' as fed) of the tested practical diets including
different levels of fishmeal and processed animal proteins (PAPs) fed to African catfish (C.
gariepinus).

Diets
HF-LP MF-MP HF-HP LF-HP
Essential amino acids' 19.7 19.7 19.8 20.3
Arginine 2.76 2.51 2.49 2.61
Histidine 1.11 1.21 1.24 1.29
Isoleucine 1.67 1.47 1.50 1.59
Leucine 3.24 3.48 3.55 3.50
Lysine 2.21 2.26 2.23 2.22
Methionine 0.99 0.95 0.93 0.94
Phenylalanine 1.96 2.03 2.05 2.08
Threonine 1.79 1.71 1.72 1.83
Tyrosine 1.11 1.19 1.18 1.09
Tryptophan 0.39 0.44 0.43 0.41
Valine 2.40 2.35 2.41 2.64
Taurine 0.10 0.08 0.07 0.08
Non-essential amino acid' 21.7 20.0 20.3 214
Alanine 2.58 2.50 2.53 2.60
Aspartic acid 3.50 3.51 3.51 3.49
Glutamic acid 5.71 5.69 5.74 5.58
Glycine 3.66 2.89 2.95 341
Proline 3.30 2.84 2.92 3.25
Serine 2.97 2.55 2.65 3.08
Total amino acids 41.4 39.7 40.1 41.7

Diet HF-LP: high fishmeal and low PAPs; diet MF-MP: medium fishmeal and medium PAPs;
diet HF-HP: high fishmeal and high PAPs; Diet LF-HP: low fishmeal and high PAPs.'Calculated
based on data of raw materials available at NaturAlleva (VRM s.r.1., Cologna Veneta, Verona, Italy).

Rearing conditions and fish

The trial run at the experimental facility of the Institute of Aquaculture and Protection of
Waters (IAPW, Faculty of Fisheries and Protection of Waters), University of South Bohemia in Ceske
Budejovice, Czech Republic. The experimental RAS consisted of 12 rectangular rearing tanks
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(volume 300 L per tank), four sump tanks (volume 3500 L per tank), and four submerged biofilter
tanks (volume 3500 L per tank) filled with bio-elements (BT 10, Ratz Aqua & Polymer Technik
GmbH, Remscheid, Germany). The RAS used a water-gas mixer (Type 250, Ratz Aqua & Polymer
Technik GmbH), a filter foam (Bioakvacit PPI 10, Jezirka Banat, s.r.o., Hnevotin, Czech Republic),
and a drum filter (AEM ECO15, DVS-FilterTechniek, Kerkrade, Netherlands). Fish tanks were
supplied with a water flow of 4-5 L min~! through pumps (DM-20,000 Vario, AquaForte, Veghel,
Netherlands). The photoperiod was 8L:16D with a light period between 8:00-16:00. Light intensity
over the tanks with fish, measured using a light metre (DT-8809, Cem, Shenzhen, China), was 500
Ix. Water temperature, pH, and dissolved oxygen were daily measured using a multi-parameter probe
(HQ40d multi, Hach Lange s.r.o., Prague, Czech Republic); NH4", NH3, and NO;™ contents were
measured three times a week using LCK cuvette tests with barcode and spectrophotometer (DR 2800,
Hach Lange, Loveland, Colorado, USA). During the trial, water was heated to 27 £ 0.5 °C using air-
conditioning in the room (Inverter, LG, Seoul, South Korea)., and oxygen saturation was maintained
at 60 = 12% (air pump Airmac DBMX80, Air Mac, Inc., Dallas, Texas); water pH was 7.1 + 0.3;
NH4*0.83 + 0.45 mg L™'; NH3 0.001 + 0.002 mg L™'; NO> 0.32 +0.11 mg L™".

A total of 600 African catfish (initial live weight 116 + 16 g) were purchased from a
commercial farm (AGRO Fish Farm Ltd., Handlova, Slovakia) and transported after one day of
fasting to the IAPW facility. On arrival, fish were randomly distributed into the 12 tanks (50 fish per
tank) with an initial stocking density of 19.2 + 3.3 kg m>. Fish were acclimated to the system for one
week before the beginning of the experiment. The trial lasted 84 days. Mortality was daily checked;
fish were fed twice a day to visual apparent satiation (9:00 and 15:00).

Fish performance and in vivo recordings

At the beginning of the trial, live weight, total length, and standard length of catfish were
individually measured. These measurements were repeated on days 21, 42, 63, and 84 of the trial
(data not reported) to track the fish growth. For all these recordings, fish were removed from their
tank, placed in a separate one with an oxygen supply, and anaesthetised with clove oil containing
87% eugenol (0.03 mL L™! of water). Then, fish were individually photographed (DSC-HX60, Sony,
Tokyo, Japan) and their biometry was measured by a millimetre ruler on a scale (accuracy 0.01 g)
(ImageJ programme; SKX222, Ohaus, Nénikon, Switzerland).

Finally, Fulton’s condition factor (K¢) was calculated on an individual base, whereas the
specific growth rate (SGR) and the feed conversion ratio (FCR) were calculated on a tank basis as
follows:

Fulton’s condition factor (K¢) = 100 x live weight of the fish (g) / [total length of the fish
(cm)] 73.

Specific growth rate (SGR, % day ') = [In (average final weight (g) — In (average initial weight
(g2)] x100 / days of trial.

Feed conversion ratio (FCR) = weight of dry feed distributed (g) / weight gain of fish (g).

Faeces collection and digestibility assay

The rearing tanks had a sedimentation cone with a valve located at the tank bottom (Cho et
al., 1982). To prevent contamination of faeces by feed, the removable chambers were cleaned 30 min
after each feeding session. Faecal samples were daily and systematically collected at 9:30 and 15:30
throughout the 84-day trial period. To extract faeces, a siphoning process via cones was adopted. The
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collected material was left to settle before undergoing centrifugation (Heraeus Megafuge 16R,
Thermo Electron LED GmbH, Langenselbold, Germany) at 2000 rpm for 5 min. Subsequently, the
faecal samples were freeze-dried using a lyophilisator (Home Pro Freeze Dryer, Harvest Right, LLC,
North Salt Lake, Utah, USA). Freeze-dried faeces collected during the trial were merged per tank;
specifically, one pool per each of the 3 tanks (replicates) per each dietary treatment was sampled,
resulting in a total of 12 samples analysed. Apparent digestibility coefficients (ADC, %) of diets were
calculated for crude protein and crude fat, using crude fibre as indicator (Krontveit et al., 2014), in
line with industrial practices and according to the following formula (Cho et al., 1982):

ADC (%) =100 — [100 x (% crude fibre in feed / % crude fibre in faeces) x (% nutrient in
faeces / % nutrient in feed)].

Chemical analysis of diets and faeces

The chemical composition of diets and faeces was measured in triplicates for dry matter
(#930.15), crude protein (#984.13), crude fat (#920.39), and ash (#942.05) using AOAC methods
(AOAC, 2019). The determination of fibre content followed the procedure described in Reg. CE
152/2009 (EC, 2009).

Recordings at fish slaughtering

At the end of the trial (84 d), fish were anaesthetized through a eugenol bath in the same tank
of rearing, followed by euthanasia via eugenol overdose. Subsequently, 12 fish per treatment (4 per
tank) were individually weighed, eviscerated, and dissected and the weights of the carcasses and
selected tissues (intraperitoneal fat, gonads, liver, spleen, and viscera) were measured to the nearest
0.0001 g (Adventurer Pro AV264C, Ohaus, Ninikon, Switzerland). Thereafter, intraperitoneal fat
(%), gonadosomatic (%), hepatosomatic (%), spleen somatic (%), and viscerosomatic (%) indexes,
along with carcass yield (%), head incidence (%), fillet with skin yield (%), and fillet without skin
yield (%) were calculated as shown below:

Intraperitoneal fat index (IPF, %) = intraperitoneal fat weight (g) / fish weight (g) x100.

Gonadosomatic index (GSI, %) = gonads weight (g) / fish weight (g) x100.

Hepatosomatic index (HSI, %) = liver weight (g) / fish weight (g) x100.

Spleen somatic index (SSI, %) = spleen weight (g) / fish weight (g) x100.

Viscerosomatic index (VSI, %) = viscera weight (g) / fish weight (g) x 100.

Carcass yield (%) = carcass weight (g) / fish weight (g) x100.

Head incidence (%) = head weight (g) / fish weight (g) x100.

Fillet with skin yield (%) = fillet with skin weight (g) / fish weight (g) x100.

Fillet without skin yield (%) = fillet without skin weight (g) / fish weight (g) x100.

Fillet colour and pH

On 12 fillets per dietary treatment (4 fillets per tank), 60 h after dissection, colour was
measured in duplicate at three locations along the dorsal part (frontal, middle, and caudal) and at two
locations along the ventral part (frontal and caudal) of each fillet using a spectrophotometer (CM-
600d, Konica Minolta Inc., Japan) and expressed according to the CIELab system (CIElab, 1976) in
terms of lightness (L*), redness (a*), and yellowness (b*) index. The pH was measured using a digital
pH meter (Testo 206, Testo s.r.o. Prague, Czech Republic) by penetrating the pH probe at 2 cm into
the dorsal muscle of the right fillet always at the same position.
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Dripping, cooking and thawing losses

To determine dripping, thawing, and cooking losses, three pieces of 10 g flesh from the dorsal
part of post-rigor fillets (12 fillets per dietary treatment; 60 h after filleting) were separated, weighed,
and individually packed under vacuum in polyvinyl chloride bags. Samples for dripping losses were
stored at 2.0 £ 0.5 °C in a refrigerator for 24 h and 48 h. Packed samples for thawing losses
determination were frozen at —20 °C for 24 h and thawed to 4°C in a refrigerator. Packed samples for
cooking losses were cooked in a water bath at 75 °C for 20 min and cooled down in a refrigerator for
3 h. After 3, 24, or 48 h, samples were unpacked, exudate was wiped, and samples were weighed.
Then, losses were calculated according to the following formulas (Varga et al., 2010):

Dripping losses (%) = [(weight of flesh sample at O h (g) — weight of flesh sample at 24 or 48
h (g)) / weight of flesh sample at 0 h (g)] x100.

Thawing losses (%) = [(weight of flesh sample before freezing (g) — weight of flesh sample
after thawing (g)) / weight of flesh sample before freezing (g)] x100.

Cooking losses (%) = [(weight of uncooked flesh sample (g) — weight of cooked flesh sample
(g)) / weight of uncooked flesh sample (g)] x100.

Sensory analysis of fillets and cooked meat

A sensory panel consisting of 9 evaluators (six men and three women; 28-70 age) with
expertise in evaluating fish products conducted the sensory analysis following ISO 8589:2007
guidelines (ISO, 2007). Three pieces of fresh fillets (2 x 2 cm squares) from six fish per dietary
treatment were placed into glass jars labelled with unique codes and then cooked in an electric oven
(150 °C for 15 min). The evaluators assessed the freshly cooked fish samples individually (4 samples
per dietary treatment; 4 samples per time for two rounds) in designated chambers equipped with
utensils, water glass, bread pieces, evaluation forms, pencils, and paper towels. Each evaluator
assessed sensory attributes (odour, texture, flavour, and aftertaste) of all samples in duplicate rounds.
Evaluation scores ranged from 0 (very bad/negligible) to 100 points (very good/very strong), with
provision for verbal notes on the evaluation forms.

Economic analysis

Feed production costs were calculated by cost data of each raw material available at
NaturAlleva production plant gate (VRM s.r.l., Cologna Veneta, Verona, Italy). Costs of labour,
packaging, and transport were not included. Then, feed cost to produce 1 kg of fish (Fanizza et al.,
2023), economic conversion ratio and economic profit index (Martinez-Llorens et al., 2007) were
calculated according to the following formulas:

Feed cost to produce 1 kg of fish (€ kg fish™!) = feed production cost (€ kg™!) x feed conversion
ratio.

Economic Conversion Ratio (ECR, € kg fish™') = [feed conversion ratio x feed production
cost (€ kg™")] / weight gain (kg).

Economic Profit Index (EPI, € fish™') = [final weight (kg fish™') x fish sale price (€ kg )] —
[ECR (€ kg fish™") x weight gain (kg)].

where the fish sale price was set at 2.74 € kg ' according to Scientific, Technical and
Economic Committee for Fisheries (STECF, 2023).
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Statistical analysis

All data were checked for normality through a Shapiro-Wilk test. Data related to individual
catfish biometry and tank growth performance were submitted to ANOV A using the PROC MIXED
of SAS (2013), considering diet and time on trial as fixed effect, with interactions, and tank as a
random effect (for individual data). Fish survival was analysed using PROC CATMOD with diet,
time, and their interaction as fixed effects. Feed conversion ratio and specific growth rate, diet
digestibility, slaughter results, and fillet traits were submitted to ANOVA and analysed using the
PROC GLM, considering the effect of the diet. The Bonferroni test was used to compare least square
means. Differences among least square means with p < 0.05 were assumed to be statistically
significant.

RESULTS

Apparent digestibility coefficients of nutrients in the diets

The ADC of protein was higher in fish fed the diet HF-LP (85.5%) respect to those fed the
diet LF-HP (82.3%; +3.9%; p < 0.05), whereas fish fed the other diets showed intermediate values
(83.8%, on average) (Figure 5.1a). The ADC of lipid was lower in fish fed the diet LF-HP (92.1%)
compared to those fed the other diets (94.2%; —2.2%; p < 0.01) without differences among these latter
(Figure 5.1b).
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Figure 5.1. Apparent digestibility coefficients of protein (a) and fat (b) in African catfish (C. gariepinus) fed practical diets including different
levels of fishmeal and poultry processed animal proteins (PAPs); n=48 measurements. Diet HF-LP: high fishmeal and low PAPs; diet MF-MP:
medium fishmeal and medium PAPs; diet HF-HP: high fishmeal and high PAPs; Diet LF-HP: low fishmeal and high PAPs. Data are represented as
means =+ standard error of the mean. **<Different letters above bars represent significant differences between means (p < 0.05).
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Fish survival rate, growth performance, and somatic indexes

Survival rate was higher in fish fed diet MF-MP than in fish fed the other diets (+2.4%; p <
0.001) (Table 5.2). Final body weight was significantly higher in fish fed diets HF-LP and MF-MP
than in fish fed diet HF-HP (+11%; p < 0.001), and in those fed diet HF-HP than in those fed diet LF-
HP (+12%; p < 0.001). Feed intake was higher in fish fed the diets HF-LP and MF-MP than in those
fed diet HF-HP (+13%; p < 0.001) and in fish fed diet HF-HP than in those fed diet LF-HP (+10%; p
< 0.001). The specific growth rate was higher in fish fed diets HF-LP compared to fish fed diet MF-
MP and HF-HP (+6.5%; p < 0.001) and in fish fed diets MF-MP and HF-HP compared to those fed
diet LF-HP (+10%; p < 0.001). Feed conversion ratio was higher in tanks belonging to LF-HP
treatment respect to the other treatments (+17%; p < 0.001) (Table 5.2).

At slaughter (84 d of trial), total length and standard length were significantly higher in fish
fed diets HF-LP and MF-MP compared to fish fed diet HF-HP (+2.8% and +3.1% respectively; p <
0.001), and in fish fed diet HF-HP than in those fed diet LF-HP (+5.0% and +5.3%; p < 0.001). The
same trend was recorded for the condition factor, being higher in fish fed diets HF-LP and MF-MP
than in fish fed diet HF-HP (+3.4%; p < 0.001) and in fish fed diet HF-HP than in those fed diet LF-
HP (+1.2%; p < 0.001) (Table 5.3).

Fish intraperitoneal fat (3.31%, on average), gonadosomatic (0.46%), hepatosomatic (1.33%),
spleen somatic (0.05%) and viscerosomatic (2.76%) indexes did not differ among the four diets (p >
0.05) (Table 5.3).

Table 5.2. Fish growth performance and survival in African catfish (C. gariepinus) fed
practical diets including different levels of fishmeal and processed animal proteins (PAPs).

Diets

p-value  RMSE
HF-LP MF-MP HF-HP LF-HP

Fish, n. 142 145 141 142

Final weight, g 704¢ 690° 624° 5512 <0.001 196
Tanks, n. 3 3 3 3

Feed intake, g d! 317¢ 313¢ 274° 247 <0.001 74.2
Specific growth rate, % d! 3.23¢ 3.18% 3.00° 2.69% <0.001 0.82
Feed conversion ratio 1.14? 1.06* 1.14? 1.34° <0.001 0.15
Survival, % 945 968 943 946 <0001 =13

Diet HF-LP: high fishmeal and low PAPs; diet MF-MP: medium fishmeal and medium PAPs;
diet HF-HP: high fishmeal and high PAPs; Diet LF-HP: low fishmeal and high PAPs. RMSE: root
mean square error. “>¢ Different superscript letters within the same effect represent significant
differences between means (p < 0.05).
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Table 5.3. Biometric measures and somatic indices of African catfish (C. gariepinus) fed
practical diets including different levels of fishmeal and poultry processed animal proteins (PAPs) at
slaughtering (84 days of trial).

Diets

p-value  RMSE
HF-LP MF-MP HF-HP LF-HP

Fish, n. 142 145 141 142
Total length, mm 431°¢ 427% 417° 396* <0.001 41.3
Standard length, mm 390°¢ 382b¢ 374° 3542 <0.001 39.0
Fulton’s condition factor 0.87° 0.86° 0.84®  0.83*  <0.001 0.09
Fish, n. 12 12 12 12
IPF, % 3.04 3.30 3.17 3.74 0.17 0.80
GSI, % 0.33 0.44 0.60 0.46 0.17 0.29
HSI, % 1.34 1.23 1.30 1.45 0.10 0.21
SSI, % 0.05 0.04 0.05 0.04 0.43 0.01
VSI, % 2.77 2.78 2.70 2.80 0.92 0.36

Diet HF-LP: high fishmeal and low PAPs; diet MF-MP: medium fishmeal and medium PAPs;
diet HF-HP: high fishmeal and high PAPs; Diet LF-HP: low fishmeal and high PAPs. IPF:
intraperitoneal fat index; GSI: gonadosomatic index; HSI: hepatosomatic index; SSI: spleen somatic
index; VSI: viscerosomatic index. RMSE: root mean square error. **° Different superscript letters
within the same effect represent significant differences between means (p < 0.05).

Slaughter yields and fillet traits

Carcass yield (90.8%, on average), head incidence (27.0%) and fillet yield without skin
(39.0%) were not different in fish fed the different diets. The fillet yield was higher in fish fed diet
ME-MP respect to those fed diet LF-HP (+5.1%, p < 0.05), whereas the other groups showed
intermediate values (Table 5.4).

Muscle pH was higher in fish fed diets MF-MP and HF-HP than in those fed diet LF-HP
(+2.7%; p < 0.001). The lightness (L*) was higher in fish fed diet LF-HP than in those fed diets HF-
HP and MF-MP (+6.8%; p < 0.05). The yellowness (b*) was higher in fish fed diets HF-LP and LF-
HP than in those fed diet HF-HP (+14.4%; p < 0.05). The redness (a*) was not affected by the diets
(Table 5.4).

As showed in Figure 5.2, fillets of fish fed diet MF-MP showed the lowest thawing and
dripping losses after 24 h respect to those fed diet HF-LP (-31.4% and —29.1%, respectively; p <
0.01), whereas the other fish performed in between (Figure 5.2a and Figure 5.2c). Cooking losses
(17.0%, on average) and dripping losses after 48 h (4.34%) were not affected by the diets (Figure
5.2b and Figure 5.2d).
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Regards sensory analysis of fish fillets and cooked meat (Figure 5.3), no differences were
found among the fish fed the four diets (p > 0.05) in terms of pleasantness of appearance (81.1,
average score), pleasantness of aroma (77.9), intensity of aroma (55.9), overall pleasantness of taste
(80.4), intensity of fish flavour (35.8), greasiness (12.8), juiciness (66.0), pleasantness of consistency
(84.3), meat firmness (55.1), meat solidity (78.1), and intensity of aftertaste (24.3).

Table 5.4. Slaughter results and fillet traits of African catfish (C. gariepinus) fed practical
diets including different levels of fishmeal and processed animal proteins (PAPs) at the end of the
feeding period (84 d of trial).

Diets

p-value RMSE
HE-LP ME-MP HF-HP LF-HP

Fish, n. 12 12 12 12
Carcass yield, % 91.4 90.3 90.8 90.7 0.30 1.37
Head incidence, % 26.3 27.2 26.8 27.7 0.21 1.60
Fillet yield (with skin), % 47.8° 463 469 455 0.03 1.87
Fillet yield (without skin), % 39.8 38.8 394 380 0.11 1.84
pH 6.09°  6.10°  6.02®  594°  <0.001 0.07
L 425 42.3° 4430 453P 0.00 1.73
a* 3.11 3.89 411 3.52 0.33 1.41
b* 9.35% 8922 10.2%  10.2° 0.01 1.02

Diet HF-LP: high fishmeal and low PAPs; diet MF-MP: medium fishmeal and medium PAPs;
diet HF-HP: high fishmeal and high PAPs; Diet LF-HP: low fishmeal and high PAPs. RMSE: root
mean square error. *°¢ Different superscript letters within the same effect represent significant
differences between means (p < 0.05).
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Figure 5.2. Dripping losses after 24 h (a) and 48 h (b), thawing losses (c), and cooking losses (d) in fillets of African catfish (C. gariepinus)
fed practical diets including different levels of fishmeal and poultry processed animal proteins (PAPs); n=48 measurements. Diet HF-LP: high fishmeal
and low PAPs; diet MF-MP: medium fishmeal and medium PAPs; diet HF-HP: high fishmeal and high PAPs; Diet LF-HP: low fishmeal and high
PAPs. Data are represented as means =+ standard error of the mean. **<Different letters above bars represent significant differences between means (p
<0.05).

161



CHAPTER 5: THIRD CONTRIBUTION
Blends of poultry PAPs in practical diets for African catfish (Clarias gariepinus) reared in RAS

Pleasantness of appearance
10

Intensity of aftertaste Pleasantness of aroma

n.s.

Meat solidity Intensity of aroma

Meat firmness Overall pleasantness of taste

Pleasantness of consistency Intensity of fish flavor

Juiciness Greasiness

—HF-LP —MF-MP — HF-HP —LF-HP

Figure 5.3. Sensory analysis of the fillet and cooked meat of African catfish (C. gariepinus) fed practical diets including different levels of
fishmeal and poultry processed animal proteins (PAPs); n=72 measurements. Diet HF-LP: high fishmeal and low PAPs; diet MF-MP: medium
fishmeal and medium PAPs; diet HF-HP: high fishmeal and high PAPs; Diet LF-HP: low fishmeal and high PAPs.
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Economic profile of the practical diets

As showed in Table 5.5, the feed production cost was the highest for the diet HF-LP (0.66 €
kg !) and the lowest for the diet LF-HP (0.58 € kg™!), whereas the highest feed cost to produce 1 kg
of fish was reported for diet LF-HP (0.78 € kg fish™!) and the lowest for diet HF-HP (0.57 € kg
fish™!). The economic conversion ratio of diet LF-HP was the highest (1.78 € kg fish™!), whereas
that of diet MF-MP was the lowest (1.18 € kg fish™!). The highest economic profit index was
obtained with fish fed the diet HF-LP (1.45 € fish '), the lowest with fish fed the diet LF-HP (1.18
€ fish™).

Table 5.5. Production costs and economic indexes of practical diets including different
levels of fishmeal and poultry processed animal proteins (PAPs) fed to African catfish (C.
gariepinus).

Diets
HF-LP MF-MP HF-HP LF-HP
Feed production cost!, € kg™ 0.66 0.64 0.65 0.58
Feed cost to produce 1 kg of fish, € kg™ 0.75 0.68 0.57 0.78
Economic conversion ratio, € kg fish™! 1.28 1.18 1.46 1.78
1.45 1.29 1.27 1.18

Economic profit index?, € fish™!

Diet HF-LP: high fishmeal and low PAPs; diet MF-MP: medium fishmeal and medium
PAPs; diet HF-HP: high fishmeal and high PAPs; Diet LF-HP: low fishmeal and high PAPs. 'Feed
production cost at production plant gate: costs of labour, packaging and transport are not included.
2African catfish sale price is calculated at 2.74 € kg'.
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DISCUSSION

This study aimed to reduce the dependence on marine resources in practical aquafeeds for
African catfish by partially replacing fishmeal with a blend of poultry PAPs, including poultry by-
product meal, hydrolysed feather meal, and poultry dry-blood meal. The specific blends of the
abovementioned PAPs were selected following industry standards, including considerations of
market competitiveness, and considering the scarce literature available on optimal levels of PAPs for
Siluriformes.

Previous research has highlighted the wide variability in nutrient digestibility and fish growth
performance associated with PAPs inclusion in diet for different farming fish, such as omnivorous
species (Abdel-Warith et al., 2001), freshwater carnivorous species (Gouveia, 1992) and marine
carnivorous species (Martinez-Llorens et al., 2008). The observed variability in nutritional profiles
can also be attributed to disparities in the source and quality of different PAPs (Hoerterer et al., 2022;
Tomads-Vidal et al., 2019). These intrinsic differences need cautious interpretation when extrapolating
results across studies, emphasising the importance of considering source-specific characteristics in
comparative analyses. Nevertheless, there is the need for comprehensive evaluations of PAPs tailored
to commercial feed formulations. Thus, to the best of our knowledge, this study represents the first
evaluation of commercial formulations assessing digestibility and growth performance, fillet quality
traits, and economic profitability of practical diets for African catfish containing different blends of
PAPs.

The findings of this study on practical diets for African catfish show that is possible to partially
replace fishmeal with poultry PAPs, maintaining a minimum fishmeal inclusion of 45 g kg '.
Fishmeal replacement can be achieved by including poultry by-product meal and hydrolysed feather
meal up to 100 g kg ' and 90 g kg, respectively. Through this formulation, while maintaining good
growth performance and diet digestibility, it has been achieved a noteworthy improvement of feed
economic competitiveness compared to diets with a high inclusion of fishmeal and a low inclusion of
poultry PAPs. Similar results were obtained by other authors (Mustapha and Adeniyi, 2022) in
African catfish diets including low fishmeal (50 g kg™') and poultry offal meal (100 g kg™') (Hag et
al., 2017) as well as in diets with an inclusion of 95 g kgfl of fishmeal and feather meal, respectively.

On the other hand, the diet characterised by the lowest inclusion of fishmeal and the highest
inclusion of PAPs resulted in the lowest protein and fat digestibility compared with the other diets.
In literature, different ADC values for protein (56% to 83%) and fat (92% to 97%) have been
documented in practical diets (61 g kg™' of fishmeal and 300 g kg ' of poultry meal) for African
catfish (Orisasona et al., 2021). This variability in ADCs may be attributed to potential fluctuations
in the inherent content of feathers, connective tissue, and skin in poultry offal meals, which have a
low digestibility (Hasan et al., 1997; Sevgili et al., 2019). Additionally, the processing method (e.g.
autoclaving or oven-drying) and the long exposure of poultry by-product meal to high temperatures
(over 200 °C for 10 h) (Orisasona et al., 2016) can result in lysine and cystine+cysteine losses, thereby
further reducing protein and amino acid digestibility (McCallum and Higgs, 1989; Opstvedt et al.,
1984; Sevgili et al., 2019).

The reduced digestibility observed in diet LF-HP could be attributed also to its high content
of rapeseed meal (181 g kg™') and the absence of soybean meal in its formulation. Previous studies
have shown that diets containing more than 112 g kg ™! of rapeseed meal can depress the activity of
digestive enzymes (i.e. pepsin, intestinal trypsin, lipase, and amylase) in Asian red-tailed catfish

164



CHAPTER 5: THIRD CONTRIBUTION
Blends of poultry PAPs in practical diets for African catfish (Clarias gariepinus) reared in RAS

(Hemibagrus wyckioides; Zhang et al., 2020). Similar impairments in fish performance and feed
utilisation have been reported in other catfish species fed diets high in rapeseed meal (>200 g kg™,
such as ussuri catfish (Pseudobagrus ussuriensis; Bu et al., 2018), yellow catfish (Tachysurus
fulvidraco; Wang et al., 2017), wels catfish (Silurus glanis; Slawski et al., 2011), and channel catfish
(Ictalurus punctatus; Lim et al., 1998). Rapeseed meal also contains antinutritional factors,
particularly sinapine and sinapic acid, which could reduce feed palatability due to their bitter taste
(Ye et al., 2016), thereby reducing feed intake, in line with the findings of this study. Conversely,
soybean meal is highly regarded in fish feed due to its favourable chemical composition, wide
availability, and stable price (Pervin et al., 2020). Therefore, in African catfish commercial diets, it
is recommended to carefully incorporate rapeseed meal together with other vegetable protein sources
like soybean meal, ensuring a balanced nutritional profile, minimising the impact of antinutritional
factors, and enhancing overall diet palatability and acceptance by the fish.

In African catfish, other authors (Elesho et al., 2021) found that the ADCs of protein and fat
of poultry meal (89% and 99%, respectively) and hydrolysed feather meal (92% and 97%) as raw
materials (300 g kg™! inclusion level) were lower compared to fishmeal (95% and 100%). On the
other hand, to the best of our knowledge, no information is available about the digestibility of diets
containing different blends of animal proteins in catfish, tilapia and carp species. In rainbow trout, a
diet including 150 g kg™! of feather meal, 40 g kg™ ! of blood meal and 110 g kg™! of poultry by-
product meal (300 g kg! total PAPs) showed a significant reduction (—5%) in ADC of protein
compared with diets without PAPs, whereas no difference was found in ADC of fat (Vale Pereira et
al., 2023). In this study, the diet LF-HP, with the lowest inclusion of fishmeal (10 g kgfl) and the
highest inclusion of poultry-by product meal (165 g kg™ ") and hydrolysed feather meal (135 g kg™,
did not adequately support productive performance, showing the lowest nutrient digestibility and
resulting in the worst fish growth rates. This latter result could be also related to potential deficiencies
in essential amino acids and micronutrients in PAPs (Chaklader et al., 2020). In details, while poultry
by-product meal has acceptable levels of methionine, lysine, and arginine, ensuring adequate growth
of African catfish (Ali and Jauncey, 2005; Brown et al., 1985), its suboptimal levels of histidine,
isoleucine, and phenylalanine compared to fishmeal could potentially exert adverse effects on the
growth performance of African catfish (Elesho et al., 2021). These effects have been already observed
in other warm water fish such as spotted rose snapper (Lutjanus guttatus; Hernandez et al., 2014),
silver seabream (Rhabdosargus sarba; El-Sayed, 1994), red drum (Sciaenops ocellatus; Kureshy et
al., 2000), and cobia (Rachycentron canadum; Zhou et al., 2011). Nevertheless, all the diets tested in
this study had a similar amino acid profile, as reported in Table S5.1 (calculated values). Therefore,
the difference in fish growth performance could be related to a lower palatability of diets with high
inclusion of poultry by-product meal and feather meal (Abdel-Warith et al., 2001; Glencross et al.,
2016; Chaklader et al., 2020), confirmed by the notable reduction of feed intake (—22%) found in this
study when comparing diet HF-LP with diet LF-HP. Overall, the findings of this study align with
prior research on African catfish (Abdel-Warith et al., 2001), where performance indices (i.e. final
weight, SGR and FCR) worsened with increasing inclusion levels of poultry by-product meal (from
90 to 455 g kg!) especially when associated with low fishmeal contents (<24 g kg™!). In fact, an
impairment of growth performance was observed when poultry by-product meal inclusions were
higher than 140 g kg ' and fishmeal inclusion was about 10 g kg™, as already observed in other warm-
water species such as mirror carp (Cyprinus carpio; Emre et al., 2003), barramundi (Lates calcarifer;
Chaklader et al., 2020), and spotted rose snapper (Lutjanus guttatus; Hernédndez et al., 2014). The
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reduction observed in this study in feed intake and growth performance in fish fed diet LF-HP can be
also attributed to the low inclusion of fishmeal, known for its high palatability and attractiveness in
African catfish diets (Elesho et al., 2022). As for the PAPs other than the poultry by-product meal,
high inclusion levels of hydrolysed feather meal (>100 g kg™ ') have shown to potentially reduce
growth performance of African catfish due to a deficiency in essential amino acids associated with a
low efficiency in the keratin hydrolysis process (Papadopoulos et al., 1986). In line with the results
of the present study, African catfish fed diets high in feather meal (>100 g kg™ !) showed reduced
growth and feed conversion ratio as well as a significant reduction in feed intake (Chor et al., 2013;
Mustapha and Adeniyi, 2022). Consistently, reduced growth performance with high feather meal
inclusion (>100 g kg™!) were found also in Indian major carp (Labeo rohita) (Hasan et al., 1997).

Overall, based on the results of this study and previous observations as discussed above, a low
inclusion rate of poultry by-product meal (< 100 g kg™!) and hydrolysed feather meal (<90 g kg™!) in
African catfish diets, along with a medium-high inclusion rate of fishmeal (45-90 g kg ') and poultry
dry-blood meal (90 g kg™!), could ensure good digestibility and fish growth performance.

Then, PAPs are low-cost, protein-rich sources that could contribute to formulate market-
competitive diets (Kumar et al., 2017). In this sense, a formulation containing 90 g kg™ ! of fishmeal
and replacing poultry dry-blood meal (from an inclusion of 90 to 45 g kg™") with poultry by-product
and hydrolysed feather meal resulted in reduced cost for feed production and reduced cost of the feed
necessary to produce 1 kg of fish compared to a diet high in fishmeal and low in poultry PAPs.
However, this reduction in dry-blood meal with other poultry PAPs worsened the economic
conversion ratio and the economic profit index. On the other hand, the replacement of half of the dry-
blood meal with poultry by-product and feather meal produced an impairment of growth performance
and digestibility.

Alternatively, the replacement of half of the fishmeal (maintaining 45 g kg™') with poultry
dry-blood meal (up to 90 g kg ') could work without impairment of fish growth performance and diet
digestibility (Subhadra et al., 2006) compared to the inclusion of poultry by-product and feather
meals. In fact, high dietary inclusions (up to 330 g kg™") of dry-blood did not compromise growth
performance of African catfish (Agbebi et al., 2009; Duwal et al., 2019). In addition, dry-blood meals
have other beneficial features, such as a high palatability and lysine content (approximately 70 g kg ™)
(Sauvant et al., 2004) as well as a binding ability (Kirimi et al., 2016) that could yield further
advantages in feed pellets for RAS. Then, haemoglobin oxidation in dry blood meals cause a dark
colouring of the RAS water (Duwal et al., 2019), which is beneficial for muddy-water species like
(e.g. Clariidae, Ictaluridae, Siluridae) (Eding and Kamstra, 2001; Shaw et al., 2022). Nevertheless,
processing factors (i.e. temperature) are crucial to prevent amino acid deterioration in dry-blood meals
(Cho et al., 1982) which could decrease diet digestibility (Njieassam, 2016; Ogello et al. 2014).

In this study, it has been tested commercial diet formulations using different animal and
vegetable raw materials to ensure cost-effectiveness, consistency, and scalability for large-scale
aquaculture. Diets were formulated to test different blends of poultry PAPs and vegetable protein
meals were included to balance dietary nutrients, which also affected fish performance. In fact, based
on the results of this study, performance was comparable between fish fed diets with similar
inclusions levels of both protein and vegetable protein meals. In details, performance was favourable
in fish fed diet HF-LP and those fed diets MF-MP (animal ingredients: 318 g kg™' and 327 g kg,
respectively; vegetable protein meals: 575 g kg ' and 566 g kg™!). Digestibility and growth
performance impaired in fish fed diet HF-HP and in those fed diet LF-HP (animal ingredients: 406 g
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kg 'and 403 g kg !, respectively; vegetable protein meals: 492 g kg ! and 493 g kg !). Similar results
were observed in a recent study in African catfish reared in RAS, testing combinations of animal
(from 138 g kg ' to 548 g kg'!) and vegetable (from 736 g kg ! to 366 g kg ') protein meals (Shaw
et al., 2024). In a nutshell, the diet MF-MP, with moderate fishmeal inclusion (45 g kg’l) and a
medium inclusion of a PAPs blend (280 g kg '), resulted in high survival rates and favourable growth
performance, without compromising fillet quality and organoleptic characteristics, i.e. it was
technically and economically viable.

In fact, under the specified conditions, slaughter results and fillet traits were slightly impaired
by low-fishmeal and high-PAPs diets with poultry by-product meal (>140 g kg™") and hydrolysed
feather meal (>120 g kg™!). To the best of our knowledge, these are first results on the quality traits
and organoleptic properties of fillets of catfish fed PAPs-based diets. In this study, the low muscle
pH found in fish fed the lowest inclusion of fishmeal and the highest of PAPs could be related to a
stressful condition resulting from a low feed intake and thus a poor body condition (Wilkinson et al.,
2008). The reduction of pH in fish muscle has been also associated with colour changes, muscle
tearing, blood spots, changes in flesh texture and shelf life (Jones and Carton, 2015; Wilkinson et al.,
2008). Thus, fillet of fish fed high-PAPs diets showed the brightest and yellowish colours, which
could lead to a negative consumer response (Alfnes et al., 2006). Similarly, fillets of barramundi fed
diets high in PAPs (500 g kg™ ") and Hermetia illucens meal (350 g kg™ !) (Chaklader et al., 2023) were
brighter than fish fed a high fishmeal (720 g kg™ ') diet. On the other hand, the increased yellowness
could be related to a high presence of certain yellow pigments (e.g. carotenoids) in poultry PAPs
(Marounek and Pebriansyah, 2018), which may influence skin and flesh colours (Pulcini et al., 2020).
In this study, the highest thawing and dripping losses after 24 h in fillets of catfish fed PAPs-rich
diets are consistent with previous finding on fillets of barramundi fed PAPs-rich diets (Chaklader et
al., 2022, 2023).

Losses resulting from dripping, thawing, and cooking could significantly impact on the
juiciness, appearance, and colour of fillets, thereby influencing their attractiveness to consumers.
Nevertheless, under the present scenario, an increasing inclusion levels of poultry PAPs in diets for
African catfish had no positive or negative effects on the visual appearance of the fresh fillets, nor on
the organoleptic characteristics of the cooked meat.

CONCLUSION

Under the present conditions, a low dietary inclusion of fishmeal (10 g kg'!) and a high
inclusion of poultry by-product meal and hydrolysed feather meal (total PAPs content of 392 g kg ™)
did not support adequately performance of African catfish reared in a RAS system which would
increase the time necessary to reach a target final weight. On the other hand, a diet with a medium
inclusion of fishmeal (45 g kg™') and medium inclusion of a blend of PAPs (280 g kg™') resulted
technically and economically profitable, assuring high fish survival rate and good growth
performance without affecting product quality. Future studies should further explore different
proportions of poultry by-product meals, hydrolysed feather meals, and dry-blood meals in
commercial dietary formulations for African catfish to refine their balance in view of enhancing the
overall cost-effectiveness and scalability of aquafeed tailored for closed aquaculture systems.
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The aquaculture industry has experienced unprecedented growth over the past two decades, a
trend that is expected to continue as global demand for seafood increases (FAO, 2024). This
expansion has highlighted the crucial importance of feed ingredient selection, as reliance on
traditional FMFO poses challenges in terms of sustainability, supply instability, and cost. With global
aquaculture production projected to double by 2050, the exploration for alternative sources is
essential to reduce environmental impact and ensure stable, high-quality nutrition across different
aquaculture systems, particularly under a climate change scenario (Shahin et al., 2023). The selection
of suitable ingredients is particularly critical in RAS, where the controlled environment requires
precise feed formulation to maintain water quality and maximise fish health, welfare and growth (Flo
et al., 2024). In these systems, each ingredient must be rigorously evaluated for its nutritional profile
and also for its compatibility with the RAS environment, highlighting the need for a multifactorial
approach to ingredient choice.

The present discussion explores the alternative source categories mentioned in the previous
chapters (i.e. marine, PAPs, plant-derived and novel ingredients), assessing their potential
contributions to the sustainable growth of the aquaculture sector. Through a SWOT analysis, each
ingredient’s Strengths, Weaknesses, Opportunities, and Threats are carefully evaluated, providing
practical insights to guide ingredient selection that meets both nutritional needs and sustainability
goals.

Characterisation of the ingredient categories

When selecting ingredients for aquaculture feeds, especially for specialised systems like RAS,
it is critical to begin with a comprehensive assessment of the unique properties of each ingredient.
This initial step requires the collection of detailed data through a characterisation process, which
draws on multiple sources of information to evaluate the suitability of an ingredient. Industry
standards recommend that feed manufacturers request technical data sheets from suppliers, which
provide essential information for preliminary assessments of each ingredient’s qualities and
compatibility with specific aquafeed objectives (Glencross, 2020). Valuable resources for this data
include the International Aquaculture Feed Formulation Database (IAFFD; www.iaffd.com),
Feedipedia  (www.feedipedia.org/), and the FAO’s feed resources  database
(www.fao.org/fishery/affris/feed-resources-database/en/) (Glencross et al., 2024).

For RAS systems, where precision in ingredient selection directly influences water quality,
fish health, and sustainability, detailed characterisation is required to exploit the full potential of each
ingredient. This process involves evaluating crucial aspects that define the ingredient's impact and
suitability in RAS environments, such as nutritional composition, availability, fish digestibility and
palatability, water quality implications, cost-effectiveness, environmental impact, regulatory and
quality standards, and processing compatibility (Flo et al., 2024; Glencross et al., 2024). By
systematically assessing these factors, feed formulations can be optimised to meet the specific
demands of RAS, ensuring efficient nutrient use, minimal waste, and support for sustainable
aquaculture practices. The findings of the contributions of the present thesis underscore the
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importance of this type of analysis, demonstrating how an in-depth characterisation of ingredients
identifies their specific supports to nutrient efficiency and water quality and reveals potential areas
for improvement in aquafeed formulations. By integrating these detailed characterisations through a
SWOT analysis, it becomes possible to make more informed strategic decisions in ingredient
selection, ultimately improving the sustainability and performance of RAS systems.

Nutritional composition

Designing a diet for RAS requires a precise nutritional profile to support both fish health and
water quality. The formulation must focus on energy, protein, lipids, vitamins and minerals, adapted
to limit waste production (NRC, 2011). High-quality and digestible protein sources are essential to
promote growth and minimise nitrogen waste, while lipid sources must provide essential fatty acids
without excesses that would increase oxygen consumption and load biofilters. Energy requirements
met through protein, lipids and carbohydrates must be carefully balanced to avoid an excess of by-
products that could impact water quality. An accurate proximate analysis (i.e. moisture, lipids,
protein, ash and energy) is essential for estimating carbohydrate and energy levels, while a detailed
profile of amino acids, fatty acids, vitamins and minerals allows for further adjustments (Glencross
et al., 2007). This comprehensive assessment improves the efficacy of the diet by aligning nutrient
intake with the metabolic needs and biofiltration capacities of RAS, promoting efficient growth and
stable water quality. This approach was employed in the present thesis to evaluate the ingredients
used to formulate diets tested in all contributions (Chapter 3, 4, and 5).

The proteinaceous marine ingredients included in all diets developed as part of this thesis (all
contributions) contain high protein levels (>65%) and moderate lipid levels (8-11%). Across this
category, protein content generally exceeds 50%, with ash levels range 10-20% and lipid levels 5-
18%. These ingredients lack carbohydrates and offer a balanced profile of EAASs, including high
lysine, methionine, and histidine levels. Lipid composition is characterised by an approximately equal
distribution of saturated, monounsaturated, and polyunsaturated fatty acids, with a notable presence
of long-chain omega-3 fatty acids, particularly EPA and DHA. Moderate ash content is a valuable
source of organic calcium and phosphorus, essential micronutrients in aquafeeds (Glencross et al.,
2020a).

Out of the PAPs tested in the contribution of the present thesis, their nutritional profile varies
widely depending on the source material and processing methods. For instance, blood meal is
exceptionally rich in protein, e.g. 95% CP for porcine haemoglobin meal (first contribution) and 90%
CP for poultry dry-blood meal (third contribution), whereas poultry by-products and hydrolysed
feather meal typically contain lower protein levels of around 65% and 85%, respectively (second and
third contributions). In general, PAPs have protein content between 45% and 65%. Lipid levels in
PAPs are similarly variable, largely influenced by the processing approach; blood-based PAPs tend
to have a low lipid content, usually less than 5%, while terrestrial vertebrate meals, such as those
derived from poultry, pork, sheep and cattle, usually have lipid levels between 8% and 15%. The ash
content in PAPs can be substantial, typically between 5 and 30%, and is influenced by the inclusion
of bone material. The PAPs generally offer an advantageous balance of EAAs, particularly lysine,
methionine and histidine. Their lipid fractions are generally rich in saturated and monounsaturated
fatty acids, with only limited amounts of polyunsaturated fatty acids, mainly short-chain n-6 fatty
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acids such as linoleic acid. The ash content also provides valuable minerals, including calcium and
phosphorous (Bureau et al., 2000).

As for plant-based protein ingredients, as those tested in the present thesis, they have a
considerable compositional diversity influenced by the source material and processing methods
(Gatlin et al., 2007). Protein content varies widely, e.g. hydrolysed wheat protein, soybean protein
concentrate, beet pulp, and potato protein exceeding 60% CP (first contribution), whereas rapeseed
meal and fermented soybean contain less than 40% CP (first and second contributions). Lipid levels
are equally variable; some oilseed meals retain more than 20% lipid before defatting, while others,
such as many cereal meals, have a very low lipid content (<5%) due to processing. Unlike PAPs,
plant proteins are rich in carbohydrates, including starches and indigestible fibres (e.g. lignin and
cellulose), which are nutritionally valuable (Hemre et al., 2002). The fermentation process can reduce
some carbohydrates, such as soluble fibres. EAA profiles vary between plant types: cereal proteins
are poor in lysine, while oilseed and pulse proteins often have low methionine levels. Lipid profiles
tend to favour monounsaturated and polyunsaturated fatty acids, with a predominance of n-6 fatty
acids such as linoleic acid. The typically low ash content includes phosphorus, although its
bioavailability is limited due to phytates, a common anti-nutritional factor binding mineral (Glencross
et al., 2020a).

When looking in perspective at novel ingredients, such as single-cell proteins (SCPs) (second
contribution), yeast and microalgae meal (first contribution), have highly variable nutritional
compositions influenced by the type of organism and processing methods. In the present thesis,
microalgae meal (Lithothamnium seaweed) was evaluated as an ingredient for mineral
supplementation, thus its proximate composition was almost entirely composed of ash (99.6%). In
general, microalgae can provide up to 60% CP (average 35%), while the protein content of yeast
varies from 30 to 60% (average 45%). Bacterial SCPs can reach protein levels of up to 80% but are
generally around 60%. Crude protein estimates for SCPs often exceed the true protein content based
on amino acids, especially in bacterial SCPs due to their high nucleotide levels. Amino acid profiles
vary: most SCPs are rich in leucine, lysine and glutamate, whereas yeast tends to be poorer in
methionine and cysteine, while bacterial SCPs are rich in methionine and leucine. Lipid levels in
SCPs are generally low (<5%), with the exception of genetically modified yeast strains that may
contain more than 20% lipids, with high levels of EPA. Microalgal ingredients are unique in their
high content of long-chain n-3 fatty acids, especially EPA and DHA. Ash content varies from 0% to
40%, but is generally around 10-15%, depending on culture and processing (Glencross et al., 2020b).

Availability

When assessing the availability of the marine, PAPs, plant-based, and novel ingredients used
in the diets tested in the present thesis, it is crucial to consider factors including production volume,
frequency of availability (e.g. daily, weekly, or seasonally limited), geographic source (whether the
ingredient is widely accessible or limited to specific regions), and supply chain accessibility
(Glencross et al., 2007). These factors collectively influence the market spread and scalability of these
ingredients.

Contrary to expectations, FM availability increased in 2024 due to high anchovy yields in
Peru, the leading global supplier. On the other hand, FM production from processing by-products has
notably expanded as a sustainable source, now accounting for more than 30% of the total FM used

178



CHAPTER 6: GENERAL DISCUSSION

globally (Glencross et al., 2024). Key contributors to FM from by-product include USA, Chile, and
Northern European countries, where technological advancements have facilitated efficient processing
of by-products from both wild-caught and farmed fish species (Tridge, 2024).

PAPs ingredients demonstrate strong market fundamentals, with consistent and high-volume
production resulting from continuous livestock processing and rendering operations. Availability is
characterised by daily and annual production cycles, not limited by seasonal factors, ensuring a steady
supply to the market (Woodgate et al., 2022). Geographical distribution is spread across the major
livestock producing regions i.e. North America, Europe, South America, Asia, with most developed
countries maintaining domestic production capacity (Tridge, 2024). The accessibility of the supply
chain benefits from established logistics networks, existing processing infrastructure and strong
integration with meat industry distribution systems.

Plant-based ingredients have large production volumes influenced by agricultural cycles and
crop varieties, with the main contributors including soybean, rapeseed, wheat and other
pulses/cereals. Availability patterns vary significantly. For instance, processed ingredients (protein
concentrates and isolates) are available year-round due to industrial processing, whereas raw
materials are subject to seasonal harvest constraints and agricultural cycles. Geographic sourcing
shows considerable regional specialisation: soybean production dominates in the Americas, pulses
production leads in Canada and Europe, while rice proteins are prevalent in Asia, creating a global
supply network with regional competence centres (Tridge, 2024). The accessibility of the supply
chain benefits from established agricultural infrastructure, but faces challenges such as weather
dependence, harvesting times, geopolitical contexts, processing capacity requirements and the need
for specialised extraction facilities (Glencross et al., 2020a).

On the other hand, as for novel ingredients, they demonstrate unique production
characteristics with controlled fermentation/cultivation systems that allow consistent and scalable
production independent of traditional agricultural constraints. Production volumes, although
currently moderate, show high potential for scalability through bioreactor technology, with yeast
demonstrating higher current volumes than the emerging microalgae production (Glencross et al.,
2020b). Availability is maintained year-round through controlled internal production environments,
allowing continuous harvest cycles independent of seasonal factors. Geographic distribution is driven
by technology rather than climate, allowing facilities to be located close to market demands, although
currently concentrated in biotech hubs in Europe, USA, and Asia (Tridge, 2024). Supply chain
accessibility 1s characterised by specialised infrastructure requirements
(fermentation/photobioreactor facilities) and stringent quality control processes, with emerging but
rapidly developing logistics networks.

Fish digestibility and palatability

Digestion and absorption are crucial factors in well-formulated RAS aquafeed, as nutrient
digestibility of a feed depends on the digestibility of its ingredients, which can vary significantly.
Therefore, it is essential to formulate aquafeeds based on digestible nutrients (Glencross et al., 2020a).
This knowledge is crucial to ensure dietary nutritional balance and to minimise the environmental
impact of undigested nutrients. Palatability, on the other hand, which reflects the animal's degree of
acceptance of the feed, depends on this initial sensory process, with subsequent choices influencing
feed consumption. Initial perception, which includes smell, taste and sometimes vision or vibration,
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plays a crucial role in the interaction of fish with feed. Furthermore, palatability influences feeding
behaviour and is highly species-specific, depending on the composition of the ingredients (Glencross
et al., 2024). In simple words, even highly digestible ingredients can be ineffective if they are not
palatable.

As confirmed in all contributions of the present thesis (Chapter 3, 4, and 5), the FMFO are
among the most highly digestible sources available for aquaculture, with digestibility coefficients
typically ranging between 85-95%. This ensures that the nutrients are efficiently absorbed, promoting
optimal growth in aquaculture species. On the other hand, hydrolysed fish proteins (included in diets
tested in second and third contribution) have enhanced digestibility due to enzymatic processing,
making them more readily available for absorption. The digestibility of hydrolysed fish proteins can
exceed 90%, offering a highly bioavailable protein source (Glencross and Bachis, 2021). Marine-
derived ingredients, especially FMFO, are highly palatable to farmed fish. This ensures higher feed
consumption rates (+10-20%; third contribution) compared to plant-based diets in commercial RAS
species (Glencross et al., 2014; Smith et al., 2005).

Although most PAPs, such as processed poultry-derived proteins, show good digestibility as
confirmed in the feeding trials of the present thesis (all contributions) factors like drying conditions
and processing methods can greatly influence this trait. Blood meals, once considered poorly
digestible, now show better digestibility due to modern drying methods, whereas feather meal shows
variable digestibility depending on processing (Glencross et al., 2017). Palatability is generally
favourable for most PAPs, although blood and feather meals are generally included at levels of less
than 100 g kg™! due to declining performance at higher inclusion rates (Martinez-Llorens et al., 2008).
In contrast, other mammalian and avian flours may be included at higher levels (Bureau et al., 2000).

Many plant proteins contain significant levels of carbohydrates, such as cellulose and lignin,
which are poorly digestible by most fish species and interfere with the digestion of more nutritionally
useful components, including proteins and lipids. In addition, anti-nutritional factors present in some
plant ingredients may further impair digestibility, requiring heat treatment or enzyme
supplementation to mitigate these effects (Gatlin et al., 2007; Hemre et al., 2002). Fermentation
processes, particularly for soybean, have shown potential improvements in protein, carbohydrate and
lipid digestibility (first contribution), although these effects are often uncertain (Refstie et al., 2005).
Concerning palatability, plant-derived ingredients are generally accepted neutrally or poorly, with
variations in species-specific preferences. Omnivorous species are less affected by the inclusion of
plant proteins (third contribution), whereas carnivorous species may be more sensitive (first and
second contributions) (Glencross, 2020). Fermentation has shown some improvement in feed intake,
but high levels of fermented plant meal inclusion still lead to a decrease in feed intake (Refstie et al.,
2005).

Focusing on more research, among novel ingredients, yeast and bacteria products generally
have higher digestibility (80-85%) than microalgal options (75% on average), with variations
attributed to origin, processing methods and inclusion levels (first contribution). The digestibility of
yeast meals varies according to species, with Candida generally outperforming Saccharomyces
(Glencross et al., 2020b). The digestibility of microalgal meals can also be improved with specific
processing to break down the cell walls (Glencross et al., 2023). Yeast meals, particularly those from
Saccharomyces strains, are more palatable, whereas microalgal meals, such as those from
Nannochloropsis, Phaeodactylum and Isochrysis, have a low impact on feed intake with moderate
dietary inclusion (Glencross et al., 2020b).
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Water quality implications

The physical characteristics of aquafeed pellets and resulting fish faeces significantly
influence water quality in RAS. Different ingredients sources demonstrate distinct effects on pellet
stability, faecal consistency, and subsequent water quality parameters (Sgrensen, 2012), as proven in
the contributions of the present thesis (first and second contributions).

The incorporation of FM, either from whole fish or by-products, improves pellet cohesion,
reducing breakage and nutrient leaching into the water, which helps to maintain high water quality
by minimising the release of dissolved nitrogen and phosphorus (first and second contributions). A
high FM content usually improves the water stability of pellets, which is essential to preserve
nutrients until consumption, thus reducing waste and nutrient loss in the RAS environment (Chaabani
et al., 2020). Regarding fish faeces, including FM in feed can lead to a denser and more compact
faecal matter (first and second contributions), due to its high protein digestibility, which reduces the
release of undigested nutrients into the water. This helps to reduce the organic load on the biofilter
and mitigate water quality degradation caused by faecal breakdown. However, undigested FM
particles or excess FM can still elevate nutrient levels in waste products, potentially increasing N-
TAN in the water, emphasising the need for balanced levels of FM in RAS aquafeed formulations
(Schumann and Brinker, 2020).

Aquafeed pellets containing PAPs typically exhibit enhanced water stability due to protein-
protein interactions and improved binding properties, potentially reducing feed dust and fine particle
generation during feeding events (Adhikari et al., 2018), which was confirmed in the present thesis
(second contribution). PAPs-based diets generally produce more cohesive faecal pellets with
improved structural integrity, attributed to the higher protein digestibility and modified carbohydrate
matrix interactions (Kirimi et al., 2016). This results in larger faecal particle sizes and enhanced
settling properties compared to plant-based diets.

Plant-derived ingredients, particularly starch- and fibre-rich components, act as effective
binders for pellets and influence faecal characteristics in RAS systems (first and second
contributions), although their application requires careful consideration, especially in carnivorous fish
diets (Sgrensen et al., 2010). Feed pellets incorporating plant binders (e.g. wheat gluten, cellulose
derivatives) demonstrate greater structural integrity and water stability (Sgrensen et al., 2009).
However, excessive inclusion in carnivorous fish diets may lead to undesirable physical properties,
such as increased water absorption that may lead to swelling of the pellets, altered feed density that
affects sedimentation rates, and excessive faecal output due to decreased digestibility (first
contribution). In addition, plant-rich diets typically produce less cohesive faecal matter with higher
water content and smaller particle sizes, potentially increasing the suspended solids load in RAS
(Welker et al., 2021).

Finally, although not directly demonstrated in this thesis, feed pellets incorporating novel
ingredients demonstrate distinctive binding properties. For instance, yeast cell walls (3-glucans and
mannoproteins) provide natural binding functionality, while microalgal biomass contributes to pellet
cohesion through protein-polysaccharide interactions. Both ingredients produce dense and stable
pellets with low dust generation and a controlled water absorption rate (Glencross et al., 2020b). Thus,
dietary inclusions of yeast and microalgae could contribute to producing well-formed faecal particles
with improved cohesion, mainly attributed to their highly digestible nature.
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Cost-effectiveness

Aquaculture works for both food production and profit, making the cost of feed ingredients a
crucial factor. Ingredient costs are influenced by raw material prices and by shipping and storage
costs. The industry is highly competitive and modern feed manufacturers use least-cost formulations
to optimise ingredient selection based on cost or nutrient content (Glencross et al., 2024).

Marine ingredients are generally more expensive than plant-based alternatives. FM prices
have fluctuated between 1,500-2,500 USD ton ™' over the past decade, while FO typically range from
3,000-4,500 USD ton!, depending on market conditions (EUMOFA, 2023). The rising cost of these
ingredients has led to a focus on cost-effective alternatives and more efficient use of marine resources.
In this sense, the processing of fish by-products significantly reduces the overall cost of aquafeed
production. For instance, fish offals, heads, bones, and skins along with collagen peptides and
hydrolysed proteins, can cost between 600-1,000 USD ton! (Tridge, 2024).

On the other hand, the PAPs tested in the present thesis (all contributions; Chapter 3, 4, and
5) have significant cost advantages over traditional marine ingredients, with market prices typically
ranging 800-1,200 USD ton™! (Tridge, 2024), representing an economically viable protein alternative
in feed formulations. The cost-effectiveness of PAPs is further enhanced by the efficient processing
of animal by-products, including rendered materials from poultry, pigs and ruminants, whose prices
typically range 500-900 USD ton™! (Tridge, 2024). This price advantage is particularly evident when
considering high-quality poultry meal, which offers a protein content comparable to FM at around
60-70% of the cost. In addition, advanced processing technologies for blood meals and specialised
protein concentrates, while having higher prices of 1,000-1,400 USD ton™! (Tridge, 2024), still
represent cost-effective alternatives to fishmeal products.

Similarly, the plant-based ingredients included in diets tested in the present thesis (all
contributions) are generally more affordable than marine alternatives, with prices typically ranging
500-1,000 USD ton! (Tridge, 2024). Over the past decade, the cost of plant-based proteins has
remained relatively stable compared to marine ingredients. Consequently, there has been growing
interest in incorporating plant-based options into animal feeds to mitigate rising production costs.

On the other hand, the price of novel ingredients typically ranges from 1,200 to 3,000 USD
ton ! (Tridge, 2024), depending on the specific species and processing methods used. Although more
expensive than traditional plant-based options, their unique nutritional profiles, including high-
quality proteins, essential fatty acids and bioactive compounds, make them valuable for improving
the nutritional quality of aquaculture diets.

Environmental impact

Despite not being specifically evaluated in the present thesis, the environmental impact of
feed ingredients is a growing concern as the demand for sustainable protein sources in animal feed
continues to increase. Factors such as resource use, greenhouse gas emissions and land and water
consumption play a significant role in determining the sustainability of these ingredients (Ott et al.,
2023). As industries work to reduce their environmental impact, understanding and comparing these
contributions is essential to developing more sustainable feed systems.

The FMFO production raises environmental concerns, particularly the potential for

overfishing and the impact on marine ecosystems. Certifications such as the Marine Stewardship
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Council (MSC) aim to mitigate these concerns by ensuring that FM and FO are responsibly sourced,
focusing on reducing the risks of overfishing and protecting marine biodiversity. Currently,
approximately 15% of global fish catches are certified under the MSC program, contributing to the
sustainable management of marine resources (MSC, 2024). However, the industry recognises the
need to expand sustainable sources to fully meet environmental goals. The use of by-products of fish
processing, rather than whole fish, is a key strategy to reduce waste and support a more circular
economy in aquaculture, as it minimises environmental impact and makes better use of marine
resources (Parker et al., 2018). Life Cycle Assessment (LCA) studies further support this approach,
showing that dietary incorporation of marine by-products significantly reduces the carbon footprint,
energy consumption and use of marine resources. Using fish by-products requires less energy-
intensive processing methods than harvesting whole fish, making the entire process more efficient
and environmentally sustainable (Papatryphon et al., 2004).

The production of PAPs derived from by-products of food production for direct human
consumption generally has a low environmental impact, as the main environmental burden is
associated with the production of these animals for meat. This impact is particularly significant for
ruminants, which are the main carbon emitters in agriculture (Moumen et al., 2016). LCA analyses
show that using animal by-products has a lower environmental impact than producing meat
specifically for food, making PAPs a more sustainable option. However, the overall environmental
impact still depends on the emissions associated with livestock farming (Campos et al., 2020).

The relatively high environmental impact of plant-derived ingredients reported in academic
studies results mainly from agricultural practices, including land use, water consumption and the use
of fertilisers and pesticides. However, plant-derived ingredients generally have a lower carbon
footprint than animal-derived products, as plants do not produce methane and do not require the use
of many resources for feed production. LCA studies indicate that plant-derived ingredients,
particularly those derived from pulses, cereals and oilseeds, tend to have a lower environmental
impact than PAPs sources in terms of greenhouse gas emissions and resource use (da Silva et al.,
2021).

Based on literature, novel ingredients offer significant environmental advantages, in particular
the ability to utilise carbon dioxide or methane in their production, with some bacterial strains
consuming these gases directly (Jones et al., 2020). LCA assessments have shown that some of these
ingredients, depending on the substrate used, may not always have a clear environmental advantage
over traditional sources (LaTurner et al.,, 2020). For instance, yeasts can utilise under-exploited
agricultural waste streams as energy sources, although they require organic nitrogen, which remains
an environmental limitation (Agboola et al., 2021). On the other hand, microalgae and some bacteria
can also absorb CO; during production and are widely considered photoautotrophic, although their
environmental impact may vary, especially during the energy-intensive drying process (Smetana et
al., 2017).

Regulatory and quality standards

Last, but equally important, despite nutritional and practical factors, some ingredients may
still be restricted due to regulatory limitations. These restrictions are mainly influenced by
environmental, health and safety concerns, especially regarding real or perceived food safety risks
(Regueiro et al., 2022). Toxic contaminants in feed ingredients are regulated by several legislative
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bodies and guidelines, with key organisations such as Codex Alimentarius (CODEX) and the
European Food Safety Authority (EFSA) providing recommendations. These organisations set
maximum residue levels for contaminants and persistent organic pollutants. These regulations apply
not only to contaminants in feed, but also to maximum residue levels in specific feed ingredients.
These restrictions may limit the use of some sources as feed ingredients, particularly those that
naturally accumulate contaminants, such as cadmium in soybean, or those exposed to higher
environmental levels, such as fish oil from Baltic Sea species (Berntssen et al., 2010; Tao et al., 2020).
EU regulations on genetically modified organisms (GMOs) in feed and their labelling have been in
place for almost 20 years, with recent updates on the re-authorisation of specific GMOs soybean
varieties. The legislation requires labelling for GMOs products that exceed the 0.9% threshold (EFSA
GMO Panel, 2022). The EU's cautious approach to GMOs and feed contaminants, guided by
principles such as ‘as-low-as-reasonably-achievable’ (ALARA), stems from past food safety
concerns and has positioned the EU as a world leader in food and feed regulation (Glencross et al.,
2020a).

In the USA, the Food and Drug Administration (FDA) regulates the use of marine-derived
ingredients in animal feed, including guidelines on contaminants. In Europe, EFSA sets standards for
the safety and efficacy of ingredients used in aquafeed. Marine ingredients used in aquafeed,
especially FMFO, are increasingly subject to certifications like the MSC, which ensures that
ingredients are sourced from sustainable fisheries. These certifications provide transparency to
consumers and the industry regarding the environmental impact of feed ingredients.

In parallel, strict regulations are in place to ensure that PAPs derive from approved sources
and meet stringent quality standards. In Europe, a key legislative change in 2013 permitted the use of
non-ruminant PAPs, such as those derived from pigs and poultry, in aquafeed, marking a shift toward
reintroducing PAPs under controlled conditions while excluding ruminants to prevent cross-
contamination risks (EU Commission Regulation, EC No. 56/2013). Additionally, certifications
provide assurance that PAPs are responsibly sourced and processed, supporting transparency and
adherence to health and safety standards across the industry.

On the other hand, the FDA in the US and EFSA in Europe regulate plant-derived ingredients
in animal feed, with a focus on the safety assessment of potential contaminants such as pesticides and
heavy metals. Given the growing interest in plant-based feeds, the guidelines encourage sourcing
from sustainable agricultural practices (EPRS, 2024). Plant-based ingredients such as soy, maize and
wheat are increasingly common in animal feed, and certifications such as ProTerra and Round Table
on Responsible Soy (RTRS) help ensure that these ingredients are produced sustainably.

Finally, novel proteins require careful evaluation because of their unique production
processes, which may include the use of CO; or organic waste streams (Glencross et al., 2020b).
Certifications focused on sustainable production, such as the ASC-MSC Seaweed Standard for
microalgae, aim to verify environmentally responsible practices.

Processing compatibility

Processing compatibility is a critical aspect of developing effective aquafeeds, ensuring that
ingredients are handled in a way that maximises nutritional quality, digestibility and product stability.
Advanced processing technologies, assessed by their Technology Readiness Level (TRL; 9 levels),
help determine the commercial viability and scalability of different ingredients and guide industry
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decisions on ingredient selection (Mankins, 2009). High TRL ratings indicate mature processing
methods that support consistent quality while emerging technologies continue to be developed to
improve the efficiency and performance of aquafeed formulations.

The FMFO are typically processed by drying and pressing, which preserves their nutritional
content by reducing moisture and extending shelf life. Fish by-products, such as heads, bones and
skins, are processed into by-product meals and oils, hydrolysed proteins, collagen peptides, and
gelatine through enzymatic or heat-based methods, which make them highly digestible and
bioavailable for aquaculture species. The increasing use of by-products in aquafeed requires advanced
processing technologies to ensure that the nutritional value of the ingredients is maintained (Glencross
and Bachis, 2021). Current manufacturing methods are considered to have a TRL of 8-9, indicating
they are fully mature and widely implemented in industrial settings, ensuring reliable outcomes for
improved digestibility and nutritional profile of fish by-products.

The production of PAP is usually done by cooking, drying and grinding animal by-products,
including bones, blood and other tissues, to preserve their high protein and mineral content. To
improve digestibility and bioavailability for aquaculture species, some PAPs are subjected to different
treatments, like hydrolysis, which improves their nutrient absorption. As the use of PAPs in feedstuffs
expands, the industry employs mature processing techniques, rated with a TRL of 8-9, indicating their
widespread adoption and reliable results in maintaining nutritional quality (Glencross et al., 2020a).

Plant-derived feed ingredients, including soybean, rapeseed and wheat, are processed to
optimise protein content and reduce anti-nutritional factors that could affect fish health (Gatlin et al.
2007). Methods such as hulling, extrusion and roasting help increase nutrient digestibility and storage
stability, whereas fermentation and enzymatic treatments can further improve protein quality (Refstie
et al., 2005). With the increased use of plant ingredients in aquaculture, these processing methods are
considered highly developed, mostly with TRL levels of 8-9, indicating that they are ready for
commercial-scale production with consistent nutritional benefits.

Novel ingredients such as yeast and microalgae are produced by fermentation or controlled
cultivation and processed by drying and extraction to improve digestibility and concentrate nutrients
(Jonmes et al., 2020). Given the novelty of these ingredients, many yeast and microalgae processing
technologies are at TRL 5-6 or lower, demonstrating that while they are close to commercial maturity,
further refinement can optimise production efficiency and consistency of nutritional performance
(Sharif et al., 2021).

SWOT (Strengths, Weaknesses, Opportunities, and Threats) analysis

According to Glencross et al. (2024), a SWOT analysis is a strategic management tool that
helps evaluate critical strengths, weaknesses, opportunities, and threats related to a specific subject.
This approach is often used in the early stages of the decision-making process to evaluate different
strategic options and understand the overall potential to achieve set objectives. In this framework,
strengths and weaknesses are identified as internal factors that are directly related to the inherent
attributes or qualities of the entity being evaluated. In contrast, opportunities and threats are external
factors influenced by broader environmental elements such as economic conditions, social trends or
technological changes. In detail, strengths in SWOT analysis refer to attributes that enhance the
utility or attractiveness of an entity. In the case of ingredients, strengths may include advantageous
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compositional characteristics that are important to formulators when comparing options. For instance,
the material of origin has a major impact on these characteristics, as shown in the characterisation
assessment. In addition, established production systems and secure supply chains enhance an
ingredient's strength, particularly in regions where these factors are stable, as manufacturers prioritise
reliable and consistent supplies over niche or volatile products. On the other hand, weaknesses are
internal limitations that could affect the performance or desirability of an entity. For feed ingredients,
weaknesses are intrinsic and can arise from a variety of factors, i.e. compositional, environmental,
economic and social. There is no such thing as a perfect ingredient, so limitations in areas such as
consistency of quality, environmental impact or economic viability must be recognised.
Opportunities are external factors that could increase the potential value of an entity. For feed
ingredients, opportunities often arise from unique characteristics, such as specific production methods
that add value, or industry trends that favour unique ingredient properties. These opportunities are
sometimes linked to inherent qualities of the ingredient itself, although production advances may also
be influential. At the same time, threats are external challenges that can hinder the achievement of
goals. For feed ingredients, threats include global issues such as climate change and wider macro-
economic trends that could destabilise supply chains or reduce the profitability of an ingredient. These
external factors pose risks that may be difficult to mitigate through management alone.

Given these premises, Figure 6.1 provides a graphical SWOT analysis of the four ingredient
categories (i.e. marine, PAPs, plant-derived, and novel ingredients) discussed in the three
contributions of the present thesis (Chapter 3, 4, and 5) and characterised above, with the broad aim
of providing a roadmap for future aquafeed formulation and ingredient selection.
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Figure 6.1. Graphical SWOT (Strengths, Weaknesses, Opportunities, and Threats) analysis of marine (a), PAPs (b), plant-derived (c), and
novel (d) ingredients categories for optimised RAS aquafeed formulation (data from all contributions, Glencross et al., 2024, and Glencross et al.,

2020a).
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This SWOT analysis provided a systematic framework for evaluating both the internal
characteristics and external context of feed ingredients, ensuring a comprehensive understanding of
their suitability for formulation in aquaculture feeds, particularly within the RAS model. On the
inside, the analysis assessed strengths such as nutritional profile, digestibility, palatability, and cost-
effectiveness. Ingredients offering high nutrient density, optimal amino acid profiles, and superior
digestibility were highlighted as key strengths, supporting efficient feed utilisation, enhanced growth
performance, and minimal waste production. Conversely, weaknesses were identified in ingredients
with low digestibility, which can compromise water quality and increase waste output, as well as in
those with high costs that do not proportionally enhance nutritional value. On the outside, the analysis
considered market demands, regulatory requirements, and sustainability challenges. Opportunities
emerged from the increasing consumer and market preference for sustainable and environmental-
friendly feed solutions, aligning with the RAS model’s focus on minimising ecological impact.
Ingredients certified as sustainable, such as responsibly sourced FMFO alternatives, were identified
as strategic choices able of appealing to environmentally conscious consumers and meeting market
expectations. However, significant threats were noted, including the rising demand for traceable and
certified feed ingredients driven by regulatory pressures and the risk of price volatility in key raw
materials, which could disrupt cost structures and supply chain stability.

By integrating these findings, the SWOT analysis provided a strong foundation for
constructing a hierarchical prioritisation of ingredient selection criteria, blending practical industry
considerations with evidence from academic research. As described in the following heading, this
prioritisation framework was systematically developed through a bibliometric analysis of the
scientific literature, which identified the abovementioned key criteria as pivotal in the formulation of
aquafeeds. The SWOT analysis contextualised these criteria within the practical constraints and
opportunities of the aquafeed production sector ensuring that the framework reflected both theoretical
insights and real-world applicability. Furthermore, it highlighted the complex interplay between
industrial practices and academic research, emphasising how these two domains collectively
influence decision-making in ingredient selection.

Bibliometric analysis of research trends in aquafeed formulation

Following the SWOT analysis, a bibliographic comparison was performed for two distinct
time periods, 2010-2019 and 2020-2025, to explore the evolution of research priorities and trends in
feed ingredient selection. The older period, 2010-2019, was chosen to offer a comprehensive
overview of historical developments and foundational concepts, while the recent timeframe, 2020-
2025, was intended to focus on contemporary research trends and innovations. This temporal analysis
highlighted shifts in scientific and industrial emphasis, providing a detailed understanding of how
emerging challenges and opportunities have influenced the field. The findings contributed to a clearer
perspective on the trajectory of aquafeed formulation research and its alignment with sustainability
and efficiency goals in aquaculture.

This analysis involved the application of Multiple-Criteria Decision-Making (MCDM),
specifically the Analytic Hierarchy Process (AHP). This framework quantitatively prioritised the
previous research criteria, i.e. nutritional composition, availability, digestibility and palatability,
water quality, cost-effectiveness, environmental impact, regulatory standards and processing
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compatibility. Bibliometric keyword frequencies were linked to decision-making priorities, enabling
the transformation of textual data into actionable insights. By merging bibliometric analysis with
MCDM, it has been combined descriptive data trends with a structured framework for decision-
making in aquafeed formulation. This approach emphasised the importance of bibliometric analysis
in identifying research trends, while also demonstrating the role of MCDM in evaluating and
prioritising these trends within a decision-making context.

At the beginning of the analysis, the data collection phase involved retrieving bibliometric
data from Scopus database (Elsevier B.V., Amsterdam, The Netherlands) using a keyword search
focused on aquafeed formulation in aquaculture. The search string combined terms related to
ingredients, raw materials, and feed formulation. Two distinct time periods were analysed: 2010-2019
and 2020-2025. The data, which included bibliographical information, abstracts and keywords, was
exported into two separates .csv files (‘scopus aquafeed 10-19.csv’ and ‘scopus_aquafeed 20-
25.csv’) and stored in the Zenodo repository (Fanizza et al., 2024). These datasets were then loaded
into Jupyter Notebook software which runs on Python programming language for data manipulation.

In the next step, the datasets were examined to identify key columns containing essential
information for bibliometric analysis, focusing on the titles, abstracts, and keywords of the articles.
These fields were crucial as they provided insight into the thematic content and primary focus of each
publication. Specific criteria, such as nutritional composition, availability, water quality, cost-
effectiveness, environmental impact, regulatory standards and processing compatibility, were
targeted by defining a set of relevant keywords for each.

The bibliometric analysis involved searching these datasets for the predefined keywords
associated with each criterion. By counting the number of keywords mentioning in each paper, the
analysis quantified the level of research focus on each criterion. Higher keyword counts indicated
greater emphasis in the literature, while lower counts suggested areas with less research attention.

Then, the Analytic Hierarchy Process (AHP) was applied to prioritise the criteria. This
structured decision-making method involved constructing a pairwise comparison matrix, where each
criterion was compared to every other criterion based on its relative importance. Human judgment,
informed by the keyword counts, was used to make these comparisons using Saaty’s scale (Saaty,
1987), which assigns numerical values ranging from 1 to 9 to reflect the intensity of preference. A
value of 1 represented equal importance between two criteria, while 3, 5, 7, and 9 corresponded to
moderate, strong, very strong, and extreme importance, respectively. Intermediate values (2, 4, 6, and
8) were applied when the preference fell between these levels. After constructing the matrix, it was
normalised, and the eigenvector method was applied to calculate the relative weights for each
criterion. Consistency analysis was conducted for both datasets to ensure the validity of the pairwise
comparisons and to verify that the judgments made during the AHP process were consistent.

Finally, the calculated weights were used to create a "priority pyramid" of both timeframes,
1.e. 2010-2019 and 2020-2025, a visual representation of the prioritisation hierarchy (Figure 6.2).
These pyramids helped clearly illustrate the relative importance of each criterion in aquafeed
formulation during the two periods analysed, with higher-ranked criteria placed at the top.

Detailed materials, methods, input scripts, and output data are provided in Appendix I.
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‘scopus_aquafeed_20-25.csv’ (b) illustrating the relative importance of aquafeed formulation criteria, with pyramid levels proportional to their
percentage weights derived from the analytic hierarchy process.
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The prioritisation pyramids, derived from bibliometric analysis and the AHP, reveal important
shifts in the relative importance and hierarchical positioning of key criteria in aquafeed formulation
research between 2010-2019 and 2020-2025, alongside a notable increase in papers from 94 to 153.
These changes could reflect the evolution of challenges and opportunities within the aquaculture
industry, as well as a growing academic and industrial focus on aquafeed optimisation.

Nutritional composition has consistently remained the highest priority across both time
periods, although its dominance has declined by 32.8% in the recent period, i.e. 2020-2025. This
criterion could reflect an industy focus on optimising aquafeed formulations to improve nutritional
quality, which is essential for enhancing the growth, health, and productivity of farmed fish. The top-
tier position of nutritional composition could indicate that, despite new challenges in sustainability
and ingredient sourcing, the fundamental goal of aquafeed formulation remains maximising nutrient
accessibility.

Availability has increased significantly in importance, with an increase of 56.6% from 2010-
2019 to 2020-2025 periods. This shift could indicate a growing recognition of the need to ensure
scalable, sustainable, and reliable feed ingredient sources. The increased weight of availability
highlights the industry's response to the global challenges of resource depletion and the need for
resilient supply chains. The upward trend of availability within the prioritisation hierarchy could
reflect its growing strategic importance in ensuring long-term aquafeed sustainability.

Palatability and digestibility increased substantially, tripling their relative importance in 2020-
2025 period. The criterion has moved from a low to a mid-tier position, indicating that ensuring feed
acceptability and optimising nutrient absorption is critical, but not as urgent as other factors such as
nutritional composition or availability. This trend may suggest an increasing focus on ensuring that
feed ingredients meet the sensory and metabolic needs of farmed species.

Water quality, which had been ranked in the middle-tier in the 2010-2019 period, rose in
relative weight in the 2020-2025 period, registering an increase of 27.7%. This could reflect a shift
towards more integrated approaches to aquaculture sustainability. The increase in relative weight
could indicate a growing awareness that water quality management is essential to maintain healthy
aquaculture systems, particularly in RAS systems and those where environmental impact is a critical
concern. The growing importance of water quality underlines the increased attention to ecological
issues in the formulation of aquaculture feeds.

Cost-effectiveness has has increased substantially during the 2020-2025 period, almost
fourfold, and has grown significantly in importance in the priority pyramid. This notable growth may
suggest that economic factors are playing an increasingly essential role in feed formulation,
particularly as the industry seeks to balance the competing demands of affordability, sustainability,
and resource availability. The substantial increase could highlight the growing pressure to develop
cost-efficient aquafeed solutions that can meet production demands without compromising nutritional
quality or environmental considerations. This trend reflects the industry's response to rising feed
costs, fluctuating ingredient prices, and the need for economic resilience in aquaculture operations,
especially in the context of global resource constraints and market competition.

Environmental impact has maintained its middle-tier position, despite showing a doubling rise
in importance from 2010-2019 to 2020-2025. This increase could reflect the growing importance of
sustainability in aquaculture, driven by concerns over resource depletion, carbon footprints, and the
overall ecological impact of aquafeed production. The criterion has mantained its position in the
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middle tier, reinforcing the idea that addressing the environmental consequences of aquafeed
formulation is now considered integral to industry practices.

Regulatory standards maintained the low-tier position in the priority pyramid, although saw a
doubled increase in weight in the 2020-2025 period. This shift could suggest that regulatory concerns
have become relatively stable in importance, allowing research to shift to more technical and
operational issues. The increase in the weight of regulatory standards, coupled with its lower position
in the pyramid, could reflect a maturing regulatory framework within the aquafeed sector, where
compliance and safety standards are now well-established and less subject to rapid change. This
stability allows the industry to allocate more resources toward addressing pressing challenges such
as ingredient availability, sustainability, and environmental impact. The doubled increase in weight
may also indicate renewed attention to aligning feed formulations with evolving international
regulations or emerging sustainability certifications, ensuring that aquafeed products meet both legal
and market-driven standards.

Processing compatibility suffered the most significant drop in both weight and relative
position, with a reduction of 82.1%. The decrease in the weight of processing compatibility and its
shift from a higher-tier to a lower-tier criterion could suggest that advancements in aquafeed
manufacturing technologies and processes have addressed earlier challenges related to ingredient
incorporation and feed formulation stability. In this way, the industry seems to have shifted its focus
away from the technical aspects of feed processing in favour of more urgent concerns related to
ingredient availability and environmental sustainability.

The observed shifts in the prioritisation pyramids reflect a decision-making framework that is
increasingly receptive to the industry's evolving needs. Criteria such as nutritional composition and
availability continue to dominate over years, acting as the primary drivers in ingredient selection.
However, the recent increasing emphasis on sustainability factors, such as environmental impact and
water quality, points to a more integrated approach to feed formulation that take into account
ecological and operational considerations alongside traditional performance parameters. Cost-
effectiveness remains a central consideration, but is now more balanced with sustainability and
availability concerns. During the early 2020s, the decreasing emphasis on regulatory standards and
process compatibility suggests that these areas have reached a level of maturity where the focus has
shifted to innovative and sustainable ingredient solutions.

The three contributions of the present thesis align closely with these observed trends,
demonstrating their relevance to the current and future trajectory of the aquaculture industry. The first
contribution, evaluating candidate raw materials for RAS aquafeeds for greater amberjack (Chapter
3), directly addresses the growing focus on resources availability and water quality improvement,
providing different sets of ingredients that reflect the industry's increasing demand for reliable and
eco-conscious options. The second contribution, replacing fishmeal with poultry by-products and
rapeseed protein meals in practical diets for rainbow trout in RAS (Chapter 4), underscores the shift
towards circular economy principles and resource efficiency, particularly by exploiting alternative
protein sources. The third contribution, investigating blends of poultry processed proteins for refining
commercial RAS-tailored diets for African catfish (Chapter 5), reinforces the importance of
environmental sustainability and cost-effectiveness by promoting the use of tailored and innovative
aquafeed solutions.

In conclusion, all the contributions of the present thesis actively support the recent industry’s
growing focus on integrating sustainability with operational efficiency, highlighting the importance

192



CHAPTER 6: GENERAL DISCUSSION

of similar research initiatives. As the aquaculture sector faces resource constraints and increasing
environmental demands, such studies are critical for developing feed formulations that balance
economic feasibility with ecological responsibility. Looking ahead, the future of aquafeed
development will likely prioritise circular economy principles and environmentally friendly
ingredients, reflecting the industry's commitment to sustainability. By addressing both immediate
challenges, such as ingredient availability and sustainability, and long-term goals like ecological
resilience and economic viability, this research establishes a comprehensive framework for
optimising RAS aquafeed formulations. This framework aligns with emerging industry trends and
supports the sustainable expansion of aquaculture, addressing the urgent need to balance productivity
with the responsible management of limited resources in an increasingly constrained global
environment.
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CHAPTER 7: KEY FINDINGS AND FUTURE DIRECTIONS

The main goal of the present PhD thesis was to assess the potential of different ingredients in
the development of aquafeed formulations tailored for marine and freshwater recirculating
aquaculture systems (RAS), with the overall aim of enhancing the sustainability of the aquaculture
industry.

This aim was pursued through three specific research objectives: 1) evaluate ten candidate
raw materials for the design of RAS aquafeed for greater amberjack (first contribution; Chapter 3);
2) replace fishmeal with poultry by-products and rapeseed protein meals in practical diets for rainbow
trout reared in RAS (second contribution; Chapter 4); 3) investigate the use of blends of poultry
processed proteins to refine commercial RAS-tailored diets for African catfish (third contribution;
Chapter 5).

In addition, to evaluate the suitability of the four primary ingredient categories (i.e. marine,
PAPs, plant-derived and novel ingredients) used to formulate the RAS aquafeed tested in the three
contributions, a strengths, weaknesses, opportunities, and threats (SWOT) analysis was implemented
in the general discussion of the present PhD thesis to assess the feasibility, challenges, and potential
environmental and economic impacts of the examined RAS ingredients.

The findings obtained from the three contributions reveals the following key insights:

1) Regarding the evaluation of ingredients for RAS aquafeed designed for strict-carnivorous species,
such as the greater amberjack (Seriola dumerili):

e Animal-derived, plant-based concentrates, and yeast ingredients demonstrated high
digestibility for key nutrients, including dry matter, protein, amino acids, and lipid;

e Inclusion of marine, PAPs, plant-derived and novel raw materials did not compromise the
structural integrity of pellets;

e Fiber-rich ingredients (e.g. beet pulp) improved pellet stability by reducing oil leakage;

e Fermented plant-derived and animal products promoted the production of larger fecal
particles, enhancing waste management efficiency in RAS.

2) Regarding practical RAS aquafeed for salmonids, like rainbow trout (Oncorhynchus mykiss):

e Replacing fishmeal with PAPs and oilseed protein sources maintained favourable growth
performance and feed efficiency;

e Protein digestibility was consistently high across all diets formulated with poultry-derived
and rapeseed proteins meals, although lipid digestibility requires optimisation in
formulations containing hydrolysed feather and rapeseed meals;

e PAPs and oilseed protein sources maintained a high level of physical quality in the feed
pellets, with strong structural integrity and minimal oil leakage;

e Hydrolysed feather meal reduced water turbidity within the initial 30 minutes post-
feeding, while the inclusion of poultry by-product meal led to the production of larger
fecal particles, which may facilitate RAS waste management.
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3) Regarding refinement of RAS aquafeed for carnivorous-omnivorous species, such as African
catfish (Clarias gariepinus):
e Diets with minimal fishmeal and high levels of poultry PAPs protein sources were
insufficient for support efficient growth performance;
e Balanced formulations with medium fishmeal inclusion and moderate inclusion of a
protein blend from PAPs supported high survival rates, good growth, and desirable
product quality.

Future studies should extend the assessment of all raw materials, examining their nutritional
profiles and also their effects on pellet durability, faecal particle size, and nitrogen waste production.
Such evaluations will be essential to optimise RAS feed formulations that are resource-efficient and
environmentally sustainable, particularly for carnivorous species. In addition, comprehensive
analyses that consider both the nutritional and physical properties of practical diets, as well as their
impact on waste management and cost efficiency, will be critical for the development of salmonids
aquafeeds suited to closed RAS environments. Moreover, further investigation into the optimal
proportions of poultry processed proteins in omnivorous aquafeed is recommended to refine the
balance between ingredient costs and fish performance, enhancing overall scalability and
sustainability of RAS-formulated diets.

The SWOT analysis presented in the present thesis resulted in a decision-making framework,
developed through a bibliometric analysis and presented as a prioritisation pyramid, which ranks the
ingredient selection criteria for RAS aquafeed based on sustainability, nutritional adequacy, and
economic viability. The comparison between the 2010s and the early 2020s shows important shifts
in the prioritisation of these criteria, reflecting the evolving focus of the industry. For instance, water
quality management has increased significantly in importance, indicating a strategic reassessment of
its role in supporting sustainable RAS aquaculture practices. Similarly, the growing emphasis on
securing reliable and sustainable sources of ingredients highlights the industry's response to global
challenges, while a broader shift towards aligning practices with environmental sustainability goals
became more noticeable. In contrast, regulatory standards appeared to have stabilised, indicating that
these concerns have been largely addressed, allowing the industry to direct its attention to emerging
challenges. Similarly, the significant decline in the importance of processing compatibility suggests
that advancements in manufacturing technologies have resolved previous issues, enabling a shift
toward greater innovation in ingredients and sustainability. Overall, this framework provides a first
step to guide feed manufacturers in formulating aquafeeds tailored to RAS-specific needs, and
represents a fundamental approach to promoting a more sustainable and resource-efficient
aquaculture sector.
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APPENDIX I

Materials and Methods, Python input scripts and output data of the
bibliometric analysis performed in Chapter 6

Step 1. Data collection

The bibliometric analysis was conducted using data retrieved from Scopus (Elsevier B.V.,
Amsterdam, The Netherlands), on 23 November 2024. The keyword search string employed in this
study was: ‘ingredient*’ OR ‘raw AND material*> AND ‘feed” AND ‘formulation*’ AND
‘aquaculture’. The retrieved studies were filtered by subject areas to include only those classified
under ‘Agricultural and Biological Sciences’, ‘Environmental Science’, ‘Engineering’,
‘Biochemistry, Genetics and Molecular Biology’, ‘Veterinary’, and ‘Earth and Planetary Sciences’.
To examine research trends in aquafeed formulation, two distinct time periods were analysed: a)
2010-2019 and b) 2020-2025. The datasets were exported as two separated .csv files, i.e.
‘scopus_aquafeed_10-19.csv’ for time period a) and ‘scopus_aquafeed_20-25.csv’ for time period b),
each including the ‘Bibliographical information’ and ‘Abstract & keywords’ fields and archived in
Zenodo repository (Fanizza et al., 2024). Finally, the two .csv datasets were imported into Jupyter
Notebook (https://jupyter.org/), which runs on Python (version 3.11.0), an open-source programming
language used for data analysis and manipulation, to perform the bibliometric analysis.

Output: The dataset ‘scopus_aquafeed_10-19.csv’ contained 94 papers, whereas the dataset
‘scopus_aquafeed_20-25.csv’ contained 153 papers.

Step 2. Load and explore the dataset

The two datasets, i.e. a) scopus_aquafeed_10-19.csv and b) scopus_aquafeed_20-25.csv, were
loaded into Jupyter Notebook software. The library employed in this process include pandas, which
was used for data manipulation and to load and explore the datasets. Each file was read with an
encoding script to ensure proper handling of special characters. Once loaded, the command
print (df.head()) displayed the first few rows of the dataset, allowing a preliminary examination
of its structure and content. This helps in identifying patterns or inconsistencies in the data. The
command print (df.columns) outputted the column names, providing a clear overview of the
variables available for the bibliometric analysis.

Input code:
# Import necessary libraries
>>import pandas as pd

# Load the dataset
>>file path = 'scopus aquafeed 10-19.csv'
df = pd.read csv(file path, encoding='UTF-8-SIG')
# Oppure, scegliere dinamicamente
>>file path = 'scopus aquafeed 20-25.csv’
>>df = pd.read csv(file path, encoding='UTF-8-SIG')

202



APPENDIX I

# Display the first few rows of the dataset
>>print ("Dataset Head:")
>>print (df.head())

# Display the column names to understand the structure
>>print ("Column Names:")
>>print (df.columns)

Step 3. Identify relevant columns

In this step, the datasets were examined to isolate the columns that contained crucial
information for the bibliometric analysis. Particular attention was given to columns holding the titles,
abstracts, and keywords of the articles, as these fields included the primary focus and thematic content
of each publication. These columns were utilised to perform keyword searches aligned with the
criteria of interest analysed in the SWOT analysis performed before. Selecting these specific columns
ensures a streamlined and focused analysis, minimising noise and emphasising the most relevant data.

Input code:
# Select relevant columns

>>relevant columns = ['"Title', 'Abstract’', 'Author Keywords', 'Index
Keywords']

# Display a sample of the selected columns
>>print (df [relevant columns].head())

Step 4. Define keywords for each criterion

To refine the bibliometric analysis, a comprehensive list of keywords and synonyms were
defined for each evaluation criterion. These keywords were used as search terms within the dataset
to identify articles that discuss specific aspects relevant to the criteria (input script in Appendix I). In
details, each criterion is associated with targeted keywords that reflect its core concepts:

e Nutritional Composition: keywords include protein, amino acids, lipids, carbohydrates,
nutrients, vitamins, and minerals, emphasising the essential components of aquafeed
formulation.

e Availability: terms such as supply, accessibility, production, sourcing, scalability, and
distribution highlight factors affecting the availability of ingredients.

e Palatability and Digestibility: keywords like raste, flavour, acceptance, absorption,
bioavailability, and gut health address the sensory and metabolic performance of aquafeed.

e Water Quality: focused on recirculating aquaculture system, RAS, pollution, effluent,
turbidity, dissolved oxygen, ammonia, and eutrophication.

e Cost-Effectiveness: keywords such as price, affordability, economic feasibility, cost-benefit,
economic efficiency, and profitability relate to the economic viability of aquafeed formulation.

e Environmental Impact: key terms include sustainability, carbon footprint, emissions,
biodiversity, ecosystem, and waste, reflecting ecological considerations.
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e Regulatory Standards: terms like compliance, legislation, policy, certification, safety, and
guidelines address the regulatory requirements leading aquafeed production.

e Processing Compatibility: keywords such as manufacturing, processing, stability,
formulation, technology, and adaptability refer to to the compatibility of ingredients with
aquafeed manufacturing processes.

Input code:
# Define criteria and related keywords
>>criteria keywords = {

'"Nutritional Composition': ['protein', 'amino acids', 'lipids’',
'carbohydrates', 'nutrients', 'vitamins', 'minerals'],

'Availability': ['supply', 'accessibility', 'production', 'sourcing',
'scalability', 'distribution'],

'Palatability and Digestibility': ['taste', 'flavour', 'acceptance',
'absorption', 'bicavailability', 'gut health'],

'Water Quality': ['recirculating aquaculture system', 'RAS',
'pollution’', 'effluent’', 'turbidity', 'dissolved oxygen', 'ammonia',
'eutrophication'],

'Cost-Effectiveness': ['price', 'affordability', 'economic
feasibility', 'cost-benefit', 'profitability', 'economic efficiency'],

'Environmental Impact': ['sustainability', 'carbon footprint',
'emissions', 'biodiversity', 'ecosystem',K 'waste'],

'Regulatory Standard’': ['compliance', 'legislation’', 'policy',
'certification', 'safety', 'guidelines'],

'Processing Compatibility': ['manufacturing', 'processing',
'stability', 'formulation', 'technology', 'adaptability']

}

Step 5. Perform bibliographic analysis

In this step, the bibliometric analysis was carried out by searching the dataset for the
predetermined keywords associated with each criterion. The numpy library was employed for
numerical operations and array manipulation. The goal was to quantify the relevance of each criterion
in the literature by counting the number of articles that mention the related keywords in the relevant
columns, such as Title, Abstract, and Keywords (input script in Appendix I). The counts of articles
mentioning the keywords was used as an indicator for the level of research focus or interest in each
criterion. Higher counts suggested greater emphasis or significance in the scientific literature, while
lower counts may have indicated gaps or lesser attention in that area. This systematic approach
ensured that the analysis captured trends and research priorities across different aspects of aquafeed
formulation.

By organising these results, it has been possible to gain insights into the relative importance
of each criterion in the context of the selected timeframes (e.g. 2010-2019 and 2020-2025), enabling
a more informed interpretation of research trends in aquafeed formulation.

Input code:
# Initialize a dictionary to store the results
>>criteria counts = {criterion: O for criterion in criteria keywords.keys ()}
>>def count keywords (text, keywords):
count = 0
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for keyword in keywords:
count += text.lower () .count (keyword.lower())
return count

# Search for keywords in the relevant columns
>>for index, row in df.iterrows|():

abstract = str(row['Abstract']) if pd.notna(row['Abstract']) else "'

author keywords = str(row['Author Keywords']) if pd.notna(row['Author
Keywords']) else "'

index keywords = str(row['Index Keywords']) if pd.notna(row['Index
Keywords']) else "'

text to search = f"{abstract} {author keywords} {index keywords}"

>>for criterion, keywords in criteria keywords.items() :
criteria counts[criterion] += count keywords (text to search,
keywords)

# Combine all keywords into a single search pattern
>>search pattern = '|'.join (keywords)

# Count the number of articles mentioning the keywords
>>criteria counts[criterion] = df[relevant columns].apply (
lambda row: row.astype (str) .str.contains (search pattern,
case=False, na=False) .any(), axis=1
) .sum ()

# Display the results
>>print (criteria counts)

Output: Keyword counts in dataset ‘scopus_aquafeed_10-19.csv’: Nutritional Composition:
193; Availability: 61; Palatability and Digestibility: 12; Water Quality: 21; Cost-effectiveness: 13;
Environmental Impact: 24; Regulatory Standard: 6; Processing Compatibility: 133.

Keyword counts in dataset ‘scopus_aquafeed_20-25.csv’: Nutritional Composition: 276;
Availability: 226; Palatability and Digestibility: 115; Water Quality: 53; Cost-effectiveness: 147;
Environmental Impact: 132; Regulatory Standards: 29; Processing Compatibility: 57.

Step 6. Apply the Analytic Hierarchy Process (AHP)

The Analytic Hierarchy Process (AHP) is a structured decision-making method used to assign
relative weights to different criteria, enabling their prioritisation based on their importance. The
process begins by constructing a pairwise comparison matrix, where each criterion is compared
against every other criterion in terms of importance. These comparisons were made through human
judgment, considering the proportions of keyword counts to inform the comparisons, using Saaty’s
scale (Saaty, 1987), which assigns numerical values from 1 to 9 to represent the intensity of preference
(input code in Appendix I). A value of 1 indicated equal importance between two criteria, while 3, 5,
7, and 9 represented moderate, strong, very strong, and extreme importance, respectively.
Intermediate values (2, 4, 6, and 8) were used for cases where the preference lied between these levels.
For mnstance, if ‘Nutritional Composition” was moderately more important than ‘Cost-Effectiveness’,
a value of 3 was assigned to their intersection in the matrix.
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After the pairwise comparisons were established, the matrix was normalised by dividing each
element in a column by the sum of that column, ensuring that all values were proportional. Following
this, the eigenvector method was applied to calculate the final weights (input script in Appendix I).
The eigenvector method involved deriving the principal eigenvector of the comparison matrix, which
provides a mathematically consistent set of weights that align with the original pairwise comparisons.
This approach ensured that the weights reflect the relative priorities accurately and also incorporated
consistency checks to identify any contradictions in the judgments made during the pairwise
comparisons. The normalised weights, obtained from the eigenvector, summed to 1 and represented
the relative importance of each criterion. By integrating subjective judgments with mathematical
consistency checks, AHP ensured reliability and systematic prioritisation. In the context of aquafeed
formulation, the resulting weights allowed for the ranking of criteria reflecting their relevance in
different decision-making scenarios. This approach provided a solid framework to guide the
evaluation and selection of ingredients, tailored to specific goals such as sustainability, cost
efficiency, or market competitiveness.

Indeed, to assess the reliability of the pairwise comparisons in the AHP, specific scripts were
implemented to perform a consistency analysis (input script in Appendix I). First, the Random Index
(RI) values for matrices of sizes 1 to 10 were defined, representing the expected consistency of
random matrices for different numbers of criteria. These values were considered as benchmarks for
evaluating the consistency of the pairwise comparison matrix. The lambda_max (principal
eigenvalue) of the matrix was then calculated, representing how much the matrix deviates from
perfect consistency. The Consistency Index (CI) was computed by comparing lambda_max to the
number of criteria, using the formula:

-1
CI=AmaxNeriteria/ Neriteria

where neriteria Was the number of criteria. A lower CI indicated better consistency. The
Consistency Ratio (CR) was then determined by dividing the CI by the corresponding RI value for
the matrix size, following the formula:

CR=CI/RI [1’1criteria7 ! ]

If the CR is below 0.10, the matrix was considered consistent, indicating that the pairwise
comparisons were reliable. Otherwise, if the CR is above 0.10, the matrix was considered
inconsistent, and the comparisons may need revision.

Input code:
# Import numpy for matrix calculations
>>import numpy as np

# Create comparison matrix using Saaty's scale
>>n criteria = len(criteria keywords)
>>comparison matrix = np.ones((n criteria, n criteria))
# Fill the comparison matrix based on keyword counts
>>criteria list = list(criteria keywords.keys())
>>for 1 in range(n criteria):
>>for j in range(i + 1, n criteria):
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ratio = criteria counts/[criteria list[i]] / max (1,
criteria counts([criteria 1ist[j]])

# Convert ratio to Saaty's scale (1-9)
>>1f ratio > 1:

comparison matrix[i, j] min (9, round(ratio))

else:

comparison matrix[i, 7] 1 / min(9, round(l / ratio))
comparison matrix[j, 1] =1 / comparison matrix|[i, Jj]

# Create a better formatted visualisation with proper labels

>>criteria short = [
'NC', 'AV', 'PD', 'WQ', 'CE', 'EI', 'RS', 'PC']
>>criteria full = [

'Nutritional Composition',
'Availability',

"Palatability and Digestibility',
'"Water Quality',
"Cost-effectiveness',
'"Environmental Impact',
'Regulatory Standards',
"Processing Compatibility']

# Generate the heatmap

>>plt.figure(figsize=(10, 8))

>>sns.heatmap (comparison matrix, annot=True, fmt="'.3f", cmap="Y1OrRd',
xticklabels=criteria short, yticklabels=criteria short)

>>plt.title('Pairwise Comparison Matrix Heatmap')

>>plt.tight layout ()

>>plt.show()

# Calculate weights using eigenvector method
>>eigenvalues, eigenvectors = np.linalg.eig(comparison matrix)
>>max_index = np.argmax(eigenvalues.real)
>>weights = eigenvectors[:, max index].real
>>weights = weights/np.sum(weights)

# Create dictionary of criteria and weights
>>criteria weights = dict(zip(criteria list, weights))

# Sort criteria by weight
>>sorted criteria = dict(sorted(criteria weights.items(), key=lambda x:
x[1], reverse=True))

>>print ("\

Keyword Counts:")

for criterion, count in keyword counts.items():
print (f"{criterion}: {count}")

>>print ("\

Priority Weights:")

for criterion, weight in sorted criteria.items():
print (f"{criterion}: {weight:.3f}")
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Calculate Consistency Index (CI) and Consistency Ratio (CR)
Random Index (RI) values for matrices of size 1 to 10
>>RI = [0.00, 0.00, 0.58, 0.90, 1.12, 1.24, 1.32, 1.41, 1.45, 1.49]

Calculate lambda max (principal eigenvalue)
>>lambda max = eigenvalues.real[max index]

Consistency Index (CI)
>>CI = (lambda max - n _criteria) / (n_criteria - 1)

Consistency Ratio (CR)
>>CR = CI / RI[n criteria - 1] if n criteria <= len(RI) else None

Display results
>>print ("\Consistency Analysis:")
>>print (f"Lambda Max: {lambda max:.3f}")
>>print (f"Consistency Index (CI): {CI:.3f}"™)
>>print (f"Consistency Ratio (CR): {CR:.3f}" 4if CR is not None else "CR

cannot be calculated for this matrix size.")

Output: The Figure A.I show the pairwise comparison matrix heatmaps for the two analysed

datasets.

Priority weights in dataset ‘scopus_aquafeed_10-19.csv’: Nutritional Composition: 0.369;
Availability: 0.152; Palatability and Digestibility: 0.024; Water Quality: 0.047; Cost-effectiveness:
0.026; Environmental Impact: 0.060; Regulatory Standard: 0.014; Processing Compatibility: 0.307.

Priority weights in dataset ‘scopus_aquafeed_20-25.csv’: Nutritional Composition: 0.248;
Availability: 0.238; Palatability and Digestibility: 0.119; Water Quality: 0.060; Cost-effectiveness:
0.129; Environmental Impact: 0.122; Regulatory Standards: 0.028; Processing Compatibility: 0.055.

Consistency metrics of dataset ‘scopus_aquafeed_10-19.csv’: Principal Eigenvalue (Amax):
8.910; Consistency Index (CI): 0.129; Consistency Ratio (CR): 0.091.
Consistency metrics of dataset ‘scopus_aquafeed_20-25.csv’: Principal Eigenvalue (Amax):
8.021; Consistency Index (CI): 0.003; Consistency Ratio (CR): 0.002.
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a Pairwise Comparison Matrix Heatmap (2010-2019) 9 b Pairwise Comparison Matrix Heatmap (2020-2025)
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Figure A.IL Pairwise comparison matrix heatmaps (Saaty’s scale, ranging from 1 to 9) for dataset ‘scopus_aquafeed_10-19.csv’ (a) and dataset
‘scopus_aquafeed_20-25.csv’ (b) based on data outputs derived from the bibliometric analysis. The heatmaps display pairwise comparisons between
each criterion for aquafeed formulation, where higher values (intense colors) and lower values (lighter colors) indicate stronger or weaker preferences,
respectively. NC: Nutritional Composition; AV: Availability; PD: Palatability and Digestibility; WQ: Water Quality; CE: Cost-Effectiveness; EI:
Environmental Impact; RS: Regulatory Standards; PC: Processing Compatibility.
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Step 7. Create the priority pyramid

Using the calculated weights from the AHP, a visual representation of the prioritisation
hierarchy, often referred to as a ‘"priority pyramid", was created using the library
matplotlib.pyplot, to provide a clear and interpretable representation of the relative importance of
each criterion (input script in Appendix I).

This visualisation facilitated a straightforward understanding of how different criteria ranked
in terms of their assigned weights, highlighting the most critical factors in aquafeed formulation. To
construct the priority pyramid, the calculated weights were first sorted in descending order, ensuring
that the most important criteria were positioned at the top of the representation.

Input code:
# Create visualization of the priority pyramid
>>import matplotlib.pyplot as plt

# Sort criteria by weight

>>sorted items = sorted(criteria weights.items(), key=lambda x: x[1],
reverse=True)

>>criteria names = [item[0] for item in sorted items]

>>weights = [item[l] for item in sorted items]

# Create the pyramid plot
>>plt.figure(figsize=(12, 8))
>>pbars = plt.barh(criteria names, weights, color='skyblue')
>>plt.xlabel ('Priority Weight')
>>plt.title('Priority Pyramid 2010-2019') # Oppure, scegliere dinamicamente
>>plt.title('Priority Pyramid 2020-2025")
>>plt.gca() .invert yaxis() # Invert y-axis to show highest priority at top

# Add percentage labels on the bars
for bar in bars:
width = bar.get width()
plt.text (width + 0.01, bar.get y() + bar.get height() / 2,
f'{width*100:.1f}%",
ha='left', va='center', fontweight='bold"')
>>plt.tight layout ()
>>plt.show ()

Output: The Figure 6.2 (Chapter 6) show the priority pyramids for the two analysed datasets.
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