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DIETS FOR GROW-OUT OF PIRARUCU IN NET CAGE: 
PERFORMANCE, PHYSIOLOGICAL PARAMETERS, FILLET 

COMPOSITION AND FEEDING COST*

ABSTRACT
The present study evaluated practical diets with increasing levels of protein and energy on 
performance, fillet composition, feed cost, and physiological responses of pirarucu (Arapaima 
gigas) juveniles during the grow-out phase in a net cage system. In an on-farm trial for 90 days 
225 pirarucu juveniles with initial weight ± standard deviation of 2025 ± 335 g were fed to apparent 
satiety with extruded diets containing 37.4 (T-37), 40.8 (T-40), 43.9 (T-43), 45.5 (T-46), and 47.1% 
(T-49) crude protein (CP), increasing lipid levels, and energy:protein ratio fixed in 10 kcal g-1. 
Protein and lipid concentrations in the diets influenced the cost, fillet composition, and important 
physiological aspects of the health maintenance and productive performance of the pirarucu 
juveniles. Fish fed the T-37 diet had lower concentrations of fat in body cavity, fillet and blood, and 
had a lower cost associated with feeding. The increase in protein and energy levels in the other diets 
tested reduced the economic return, did not improve the zootechnical performance and caused 
physiological changes in the fish.
Key words: intensive systems; native fish; nutrition; physiology.

DIETAS PARA A ENGORDA DE PIRARUCU EM TANQUE REDE: 
DESEMPENHO, PARÂMETROS FISIOLÓGICOS, COMPOSIÇÃO DO 

FILÉ E CUSTOS DA ALIMENTAÇÃO

RESUMO
O presente estudo avaliou dietas práticas com níveis crescentes de proteína e energia no 
desempenho, composição do filé, custo com alimentação e respostas fisiológicas de juvenis de 
pirarucu Arapaima gigas durante a fase da engorda em sistema de tanque rede. Em um ensaio 
em sistema de produção, durante 90 dias, 225 pirarucus com peso médio inicial ± desvio padrão 
de 2025 ± 335 g foram alimentados até a saciedade aparente com dietas práticas extrusadas 
contendo 37,4 (T-37), 40,8 (T-40), 43,9 (T-43), 45,5 (T-46) e 47,1% (T-49) de proteína bruta 
(PB), níveis crescentes de lipídeo e relação energia/proteína de 10 kcal g-1. As concentrações de 
proteína e lipídeo nas dietas influenciaram o custo, a composição do filé e parâmetros fisiológicos 
importantes na manutenção da saúde e do desempenho produtivo de juvenis de pirarucu. 
Os peixes alimentados com a dieta T-37 cresceram com menor volume de gordura visceral, sangue 
e filé, além do menor custo associado com a alimentação. O aumento nos níveis de proteína e 
energia nas demais dietas testadas reduziu o retorno econômico, não melhorou o desempenho 
zootécnico e causou alterações fisiológicas nos peixes.
Palavras-chave: sistemas intensivos; peixes nativos; nutrição; fisiologia.

INTRODUCTION

Most studies on pirarucu Arapaima gigas, a large carnivorous species with high 
productive potential, have been performed using juveniles below 200 g and have 
obtained contrasting results, indicating ideal protein levels for performance between 
400 and 480 g kg-1(Ituassú et al., 2005; Del Risco et al., 2008; Ono et al., 2008). 
Magalhães-Junior et al. (2017) evaluated the requirements for digestible protein 
based on the results of Cipriano et al. (2015, 2016) of pirarucus with an average initial 
weight of 1.8 kg and observed that diets containing 360 g kg-1 of digestible protein 
provided greater weight gain and feed efficiency. Information related to performance 
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and physiological condition in the final stages of grow-out are 
insufficient, especially in reference to the larger fish (>4 kg). 
Supplying ideal concentrations of nutrients and energy in the 
creation could considerably reduce environmental impact and 
production costs, besides increasing the quality of the fish 
(Rawles et al., 2018; Diógenes et al., 2019).

In studies carried out with larger fish, a reduction in protein 
requirements is observed during the grow-out phase compared 
to requirements in the initial phase. Azevedo et al. (2004) and 
Einen and Roem (1997) observed this standard for Atlantic salmon 
(Salmo salar) and rainbow trout (Oncorhynchus myhiss); Hatlen et al. 
(2005) for Atlantic halibut (Hippoglossus hippoglossus) and 
Abdel-Tawwab et al. (2010) for tilapia (Oreochromis niloticus). 
This reduction reflects directly on the economic sustainability 
of creation, being the protein more onerous macronutrient in a 
diet (Salze and Davis, 2015). However, the inappropriate use of 
energy ingredients to replace protein for carnivorous fish may 
alter pathways related to energy metabolism and muscle growth 
(Alami-Durante et al., 2019).

Advances in fish nutrition research aim to improve performance, 
reduce dependence on chemotherapy and reduce economic and 
environmental losses (Oliva-Teles, 2012; Wang et al., 2017). 
In intensive systems, fish are frequently subject to high levels 
of stress and are susceptible to many adverse events, which can 
lead to physiological changes (Tu et al., 2015; Zhang et al., 
2017). Fish nutrition experiments with purified ingredients are 
not effective in verifying the interaction between diet components 
and processing, so they are usually validated in research using 
practical diets (Rawles et al., 2018; Davies et al., 2019). On-farm 

experiments using practical diets may have greater applicability 
due to their similarity to production reality (Kabir et al., 2019).

Knowledge about nutrition and cost of food are among the key 
factors that will limit future fish production, especially when for 
carnivorous fish (FAO, 2018). For pirarucu production to be more 
competitive and important in world aquaculture, it is necessary to 
develop a food program that meets the nutritional requirements 
throughout the species life cycle without excess. Thus, the objective 
of this study was to evaluate the effect of increasing levels of 
protein and lipids on performance, physiological parameters, 
feed costs, and body composition of pirarucu during the grow-out 
phase in net cage system.

MATERIALS AND METHODS

The experiment was carried out in Santana Lake, located at the 
left bank of the Solimões River (S 03°17’40.74” W 060°28’7.8”), 
Manacapuru, Amazonas, Brazil. In an on-farm trial for 90 days a 
total of 225 pirarucu juveniles with a mean initial weight ± standart 
deviation of 2025 ± 335 g were reared in cages with a useful 
volume of 5.3 m3, with a mean initial stocking density of 
5732 g m-3. Fifteen fish per cage were randomly assigned and 
fed twice daily to apparent satiety with extruded practical diets 
(Table 1) with increasing levels of crude protein (CP) and gross 
energy (GE), respectively: T-37 (370.4 g kg-1, 4036.3 kcal); 
T-40 (400.8 g kg-1, 4411.8 kcal); T-43 (430.9 g kg-1, 4551 kcal); T-46 
(450.5 g kg-1, 4870.2 kcal) and T-49 (470.1 g kg-1, 5021.1 kcal), 
with three replicates for each treatment. The experiment was 
carried out according to authorization nº 013/2013 of the Animal 

Table 1. Ingredients and proximal composition of practical diets with increasing levels of protein and lipids used in grow-out phase 
of pirarucu in net cage system.

Ingredient (g kg-1) Practical diets
T-37 T-40 T-43 T-46 T-49

Fish meal1 280.50 340.70 430.00 560.50 640.60
Meat and bone meal2 150.00 140.00 110.00 0.00 0.00
Soybean meal2 160.00 140.50 120.00 90.00 50.00
Wheat flour3 280.00 260.50 250.40 230.70 180.00
Cellulose4 60.50 30.00 0.00 0.00 0.00
Swine fat5 50.20 60.50 70.80 100.00 110.60
Vitamin and mineral supplement6 8.00 8.00 8.00 8.00 8.00
Proximal composition (g kg-1)
Moisture (MO) 80.50 90.60 90.30 80.30 60.30
Crude protein (CP) 370.40 400.80 430.90 450.50 470.10
Ethereal extract (EE) 80.10 100.60 110.50 140.00 160.60
Ash (AS) 130.60 120.10 140.70 90.80 100.70
Crude fibre (CF) 50.45 50.30 60.80 70.30 70.20
Non-nitrogenous extract (NNE) 260.95 210.60 130.80 150.10 120.35
Gross energy (Kcal) 4036.40 4411.80 4551.00 4870.20 5021.10
GE:CP (kcal g-1)7 10.80 10.80 10.30 10.70 10.70

1Salmon meal Pacific Star; 2Ingredients purchased in local market; 3Wheat flour Dona Maria; 4Cellulose Valdequímica; 5Swine fat Aurora; 6Vitamin and mineral 
supplement Nutron, 7Gross energy (kcal)/crude protein (g kg-1).
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Research Ethics Committee (CEUA) of the National Institute of 
Amazonian Research (INPA).

Diets were balanced based on the reference of energy: protein 
ratio that provided best results in research by Ono et al. (2008) 
and the interval between protein levels based on studies by 
Ituassú et al. (2005) and Del Risco et al. (2008), with no other 
references available on pirarucu nutritional requirement by the 
time the experiment was carried out. The energy and protein 
content of the diets were increased with the addition of swine 
fat and high-quality fishmeal, respectively. This was due to 
the importance of non-protein energy source in muscle growth 
mechanisms (Alami-Durante et al., 2019) and to test for the limit 
of the animal’s ability to use higher levels of protein without 
compromising its assimilation due to lack of amino acids in the 
diet, besides avoids the use of most expensive nutrient as an 
energy source (Jiang et al., 2015).

The influence of environmental variations was analyzed 
throughout the experimental period. Dissolved oxygen 
(5.44 ± 0.14 mg L-1), temperature (30.22 ± 0.02 ºC), electrical 
conductivity (25.55 ± 0.09 µS cm-2) and pH (5.80 ± 0.04) were 
monitored daily, in addition to concentrations of ammonia 
(0.21 ± 0.01 mg L-1), nitrite (0.002 ± 0.00 mg L-1), alkalinity 
(10.2 ± 0.14 mg L-1) and hardness (7.78 ± 0.33 mg L-1) were 
monitored weekly. Samples were collected at three different 
points located upstream, within, and downstream of the net 
cage system. The physical and chemical variables of the water 
of Santana lake, a white-water environment according to Sioli 
(1985), were within the limits considered acceptable for tropical 
species and for pirarucu (Oliveira et al., 2012).

Biometric and proximal composition data were collected at 
the beginning and at the end of the experiment. From these the 
following response variables were calculated:
-	 Survival	rate	–	SR	(%)	=	[(Initial	fish	count	−	Final	fish	count)	

∕	Initial	fish	count]	×	100;
-	 Weight	gain	-	WG	(g):	WG=	Mean	final	weight	−	Mean	initial	

weight;
- Feed intake for day – FI (% total weight day -1) = [Intake/ 

(Mean	final	weight	+	Mean	initial	weight	/Number	of	days/15)]	
×	100;

-	 Feed	Efficiency	-	FE	=	Feed	intake	∕	WG;
- Feeding Cost – FC (R$ Kg fish-1) = FE x Diet Price in real 

(R$);
- Protein Efficiency Ratio - PER = Wet weight gain / Crude 

protein intake
- Visceral Somatic Index - VSI (%) = (Visceral weight / total 

weight)	×	100;
-	 Visceral	Fat	Index	–	VFI	(%)	=	(Fat	weight	/	total	weight)	×	100.

Samples of the ingredients, experimental rations and fish fillets 
at the beginning and at the end of the experiment were analyzed for 
proximal composition at the Fish Nutrition Laboratory/COTEI/INPA, 
following the norms of the AOAC (1999). Gross energy was 
measured by burning the sample in a calorimeter bomb (Parr 
Instruments 6100©).

At the end of the experiment, a blood collection was performed 
by puncturing the caudal vessel using the anticoagulant EDTA 
(10%).	The	 hemoglobin	 concentration	 [Hb]	was	 determined	
by the cyanometahemoglobin method; hematocrit (Ht) by the 
microhematocrit method; number of erythrocytes (RBC) with 
formaldehyde-citrate solution using a hemocytometer; and the 
hematimetric indices of Wintrobe. After centrifugation of the 
blood, plasma was used to determine glucose (GOD-PAP), total 
proteins (Biuret), cholesterol (Enzymatic-colorimetric), triglycerides 
(enzyme-colorimetric), albumin (bromocresol green reaction) and 
cortisol (ELISA) using commercial kits.

The results of the zootechnical, physiological, and body 
composition parameters, as well as the physical and chemical 
variables of the water were tested statistically by analysis of 
variance ANOVA one way. Tukey test was used when a significant 
difference was observed (5% probability). To estimate which diet 
provides the greatest protein efficiency and feed cost per kilogram 
of fish produced, a linear regression was used. All analyses were 
performed using the program Statistica 7.1 (STATSOFT).

RESULTS

Water quality was not altered between the three collection 
points (upstream, net cage system and downstream) during the 
three months of the experiment. The survival rate was 100%, 
except for the T-37 treatment, with 97.7% survival at the end of 
the experimental period.

Performance results of pirarucu juveniles fed diets with 
increasing levels of protein and lipids are shown in Table 2. 
Weight Gain was not significantly different between treatments 
(F= 1.83; p =  0.19). Feed Intake for day was higher in fish fed 
the T-40 diet, which was significantly higher (F = 4.65; p = 0.02) 
than T-46. Feed Efficiency was lower in fish fed the T-46 diet 
(1.46 ± 0.06) and statistically different (F = 4.18; p = 0.03) from 
the T-40 diet, which had the worst conversion rates (1.74 ± 0.09).

Protein Efficiency Ratio decreased significantly with increasing 
protein levels (F = 12.04; p < 0.01). Feeding Cost was higher 
in diets with higher protein levels (F = 17.26; p < 0.00), with 
the lowest (5.29 ± 0.36) and the highest value (7.69 ± 0.28) 
observed in T-37 and T-46, respectively. The Protein Efficiency 
Ratio values showed a negative linear correlation (F = 54.75; 
R2 = 0.79), decreasing significantly with increasing protein and 
lipid concentrations in the diets. For Feeding Cost, there was a 
positive linear correlation (F = 55.00; R2 = 0.79) between increasing 
protein levels and cost per kg of live weight produced. Fish fed 
diets T-37 and T-40 had significantly lower Visceral Somatic Index 
and Visceral Fat Index values than fish fed other diets (F = 4.67; 
p = 0.02 and F = 6.99; p < 0.01).

The proximal composition of fish fillets (Table 3) was 
significantly altered by the protein and lipid concentrations of the 
diet. Dry matter, crude protein, and ash did not differ significantly. 
Fish fed the T-49 diet had higher lipid concentrations in the fillets 
(F= 4.40; p = 0.02) in relation to the T-37 diet; the others did not 
present a significant difference.
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Hematological parameters are represented in Table 4. The values 
of Hemoglobin Concentration, Red Cell Count, Medium Corpuscular 
Volume, Mean Corpuscular Hemoglobin and Mean hemoglobin 
Concentration were not statistically different between treatments. 
The Hematocrit values obtained in the T-49 diet (33.36 ± 0.34) 
were statistically different (F = 4.97; p = 0.01) from those of 
T-37 (28.89 ± 0.80).

The biochemical parameters are shown in Table 5. The cholesterol 
content in T-49 was higher (F= 12.74; p = 0.00) than the other 
treatments. The total plasma protein concentration in fish of the 
T-49 diet was significantly higher (F= 6.68; p = 0.01) than the 
T-37 diet; the other levels were not statistically different. Glucose, 
triglyceride, albumin and cortisol concentrations in the blood 
plasma of pirarucu juveniles did not differ significantly.

Table 2. Performance and corporal indices of pirarucu juveniles fed practical diets during 90 days in grow-out phase in net cage 
system1, 2.

Diet WG3 FI4 FE5 PER6 FC7,11 VSI8 VFI9

T-37 4.65 ± 0.53 2.00 ± 0.04ab 1.67 ± 0.12ab 1.77 ± 0.03a 5.30 ± 0.37c 7.18 ± 0.29b 2.57 ± 0.18c

T-40 4.53 ± 0.29 2.08 ± 0.05a 1.74 ± 0.09b 1.62 ± 0.05ab 6.16 ± 0.30bc 7.28 ± 0.24b 2.64 ± 0.32bc

T-43 5.17 ± 0.57 1.95 ± 0.08ab 1.53 ± 0.14ab 1.51 ± 0.06ab 6.09 ± 0.55bc 7.44 ± 0.12ab 2.82 ± 0.18abc

T-46 5.12 ± 0.17 1.86 ± 0.10b 1.46 ± 0.06a 1.40 ± 0.19bc 6.83 ± 0.30ab 8.04 ± 0.42a 3.41 ± 0.26a

T-49 5.15 ± 0.23 1.96 ± 0.04ab 1.52 ± 0.06ab 1.15 ± 0.15c 7.69 ± 0.28a 7.52 ± 0.13ab 3.23 ± 0.19ab

p10 0.19 0.02 0.03 <0.01 <0.01 0.02 <0.01
1Mean and standard deviation of three replicates. Mean values followed by different letters in the same column presented significant difference (p <0.05).; 2Initial Mean 
Weight: 2025.3 ± 335.4; 3Weight gain (kg); 4Feed intake for day; 5Feed efficiency; 6Protein Efficiency Ratio; 7Feeding Cost; 8Visceral Somatic Index; 9Visceral fat Index; 
10“p” ANOVA 5% probability; 11Price per pound of ingredients in real: Fishmeal R$6.04; Meat and Bone Meal R$ 1.28; Soybean meal R$ 2.30; Wheat flour R$1.95; 
Cellulose R$ 0.50; Swine fat R$ 5.61; Vitamin and mineral supplement R$3.50.

Table 3. Proximal composition of juvenile fillet of pirarucu fed practical diets containing increasing levels of protein and lipid in 
grow-out phase in net cage system 1, 2.

Diet Proximal composition (%)
DM3 CP4 EE5 AS6

T-37 24.91 ± 1.24 19.21 ± 0.79 2.68 ± 0.18b 1.15 ± 0.07
T-40 25.06 ± 0.66 19.18 ± 0.43 3.56 ± 0.61ab 1.15 ± 0.64
T-43 25.98 ± 1.12 19.18 ± 0.67 4.12 ± 0.40ab 1.16 ± 0.04
T-46 25.81 ± 1.40 19.22 ± 0.80 4.13 ± 0.78ab 1.13 ± 0.07
T-49 25.86 ± 0.74 19.07 ± 0.30 4.42 ± 0.68a 1.18 ± 0.15

p7 0.64 0.99 0.02 0.97
1Mean and standard deviation of three replicates. Values of CP, GE and AS in % in wet matter. 2Mean values followed by different letters in the same column presented 
significant difference (p <0.05).; 3Dry matter; 4Crude protein;5Ethereal extract; 6Ash; 7“p” ANOVA 5% probability.

Table 4. Hematological parameters of pirarucu juveniles fed practical diets containing increasing levels of protein and lipid in 
grow-out phase in net cage system 1 2.

Diet Hematological parameters
[Hb] (g dL-1)3 Ht (%)4 RBC (x106 µL-1)5 VCM (fL)6 HCM (pg)7 CHCM (g dL-1)8

T-37 12.80 ± 1.85 28.89 ± 0.80b 1.66 ± 0.26 178.07 ± 22.42 78.09 ± 5.26 44.31 ± 5.35
T-40 13.54 ± 1.02 30.92 ± 0.96ab 2.05 ± 0.10 153.78 ± 3.27 67.37 ± 6.28 43.92 ± 4.69
T-43 12.67 ± 0.08 29.94 ± 2.22ab 1.85 ± 0.04 162.85 ± 8.89 69.24 ± 1.88 42.52 ± 3.19
T-46 13.95 ± 0.85 31.31 ± 1.35ab 1.85 ± 0.16 161.51 ± 6.42 72.34 ± 5.15 44.79 ± 4.85
T-49 13.74 ± 0.78 33.36 ± 0.34a 1.94 ± 0.14 174.51 ± 15.13 71.67 ± 4.57 41.27 ± 2.39

p9 0.53 0.02 0.11 0.22 0.15 0.84
1Mean and standard deviation of three replicates. 2Mean values followed by different letters in the same column presented significant difference (p <0.05).; 3Hemoglobin 
Concentration; 4Hematocrit; 5Red cell count; 6Medium Corpuscular Volume; 7Mean Corpuscular Hemoglobin; 8Mean Corpuscular Hemoglobin Concentration; 9“p” ANOVA 
5% of probability.
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DISCUSSION
The diets tested and experimental conditions provided satisfactory 

growth rates during the grow-out phase of pirarucu in net cage 
system, with biomass gained surpassing that reported in other 
studies. Despite the success in zootechnical terms, gradual increases 
in protein and lipid levels during this developmental phase caused 
changes in lipid metabolism and higher production costs per unit 
of biomass. The transport and deposition of excess amino acid 
carbonic skeletons and unused energy sources resulted in changes 
in fat content in the blood, muscles and stomach cavity, which 
was most evidenced in the T- 49 diet.

An elevation of muscle and cavity fat content resulting from 
diets with high protein and energetic levels was observed in 
Epinephelus marginatus juveniles fed 550 g kg-1 of protein and 
120 g kg-1 of lipids (Tuan and Williams, 2007). Tu et al. (2015) 
observed the growth, enzymatic and genetic profile of Carassius 
auratus gibelio fed high levels of protein and found an increase 
in the body lipid content; a pattern also observed by Lee et al. 
(2001) for giant croaker Nibea japônica, Shah-Alam et al. (2008) 
for black sea bass Centropristis striata and Sagada et al. (2017) 
for the snakehead fish Channa argus.

Protein Efficiency Ratio decreased with increasing protein 
levels a pattern that has been similarly described in the literature 
for other species (Yang et al., 2002; Jiang et al., 2015). In the two 
diets with higher protein levels, the excess protein degradation by 
deamination contributed to the increased total protein level in the 
blood and consequently the fillet and stomach lipid content, as 
evidenced by the increase in visceral somatic index and visceral 
fat index. This biochemical process results in energy expenditure 
and increases the release of ammonia into the water (Tu et al., 
2015), which can damage the quality of the environment.

In this study, no differences were observed in the growth of 
pirarucus fed increasing levels of protein, suggesting a reduction 
in the use of high levels of protein throughout the growth phase 
tested. This contrasts with the work done by Ituassú et al. (2005) e 
Del Risco et al. (2008), who observed better weight gain between 
400 and 480 g kg-1 of crude protein in the diet. The differences in 
the initial mean weight of individuals in this study (<200 g) and 
the present (>2 kg) may explain the contrasting growth results. 

Generally, fish protein requirements decrease with increasing size 
and age, Arnason et al. (2010) reported that protein requirements 
for maximum growth of Atlantic cod Gadus morhua of 40–107 g 
was 47–52%, while for larger fish (400–900 g) this value was 36% 
or less. Similar results were also found for salmonids, tilapia and 
stiped bass Morone chrysops	×	M.	saxatilis (Einen and Roem, 
1997; Abdel-Tawwab et al., 2010; Rawles et al., 2018).

As there is no reference to the feeding rate of pirarucu at this 
growth stage, food management was performed until apparent 
satiety. This may have negatively influenced feed efficiency, 
which was more evidenced in diets with lower protein and 
energy levels. Even with higher intake, these diets presented 
lower cost per unit of biomass produced when compared to the 
others, probably due to the utilization of meat and bone meal, 
which is a lower cost ingredient. Other studies have shown that 
the costs of fish production can be reduced by replacing, to the 
maximum extent possible, the use of high value protein sources 
such as fishmeal, with alternative energy sources and low-cost 
protein (Cerdeira et al., 2018; Davies et al., 2019; Diógenes et al., 
2019). The inclusion of protein and energy levels above the T-37 
diet contributed to the gradual increase in feeding cost without 
providing a significant increase in biomass, which is undesirable 
in both productive and environmental aspects (El Sayed et al., 
2015; Salze and Davis, 2015).

In addition to economic and environmental impacts, studies 
have reported that energy-rich protein diets significantly increased 
energy costs in terms of thermal effects, mean metabolic rates, 
oxygen consumption and resting metabolic rate in animals 
(Mikkelsen et al., 2000; Lacroix et al., 2004). The results of the 
present study corroborate with these authors, in which the T-49 
diet presented alterations in the values of Hematocrit, cholesterol 
and total plasma proteins in relation to T-37.

The observed Hematocrit value was similar to those described 
by Andrade et al. (2007) and Drumond et al. (2010). The increase 
in Hematocrit percentage as a response to increased erythrocyte 
counts, may be a stress response to the excess dietary protein. Fish 
fed diets rich in protein may exhibit responses to chronic/sub-chronic 
stresses, and studies suggest that high protein concentrations in 
diets may cause increased plasma metabolite levels as observed 
by Wicks and Randall (2002) for rainbow trout Oncorhynchus 

Table 5. Biochemical parameters of pirarucu juveniles fed practical diets containing increasing levels of protein and lipid in grow-out 
phase in net cage system1, 2.

Diet
Biochemical parameters

Cortisol  
(g dL-1)

Glucose  
(mg dL-1)

Cholesterol  
(mg dL-1)

Triglycerides  
(mg dL-1)

Total protein  
(g dL-1)

Albumin  
(g dL-1)

T-37 18.44 ± 7.57 61.20 ± 13.01 96.48 ± 6.94b 99.81 ± 33.67 2.86 ± 0.32b 1.20 ± 0.10
T-40 29.27 ± 2.51 74.83 ± 5.68 110.68 ± 3.62b 98.11 ± 15.84 3.16 ± 0.09ab 1.26 ± 0.03
T-43 21.68 ± 4.14 73.56 ± 4.30 110.42 ± 8.31b 121.22 ± 40.19 3.26 ± 0.02ab 1.27 ± 0.03
T-46 20.00 ± 6.28 67.75 ± 9.05 115.24 ± 13.2b 150.12 ± 67.49 3.22 ± 0.18ab 1.27 ± 0.04
T-49 17.53 ± 7.82 74.61 ± 4.47 142.38 ± 5.22a 170.90 ± 37.42 3.58 ± 0.07a 1.32 ± 0.02

p3 0.20 0.24 <0.01 0.20 0.01 0.16
1Mean and standard deviation of three replicates. 2Mean values followed by different letters in the same column presented significant difference (p < 0.05). 3“p” ANOVA 
5% of probability.



DIETS FOR GROW-OUT OF PIRARUCU IN NET CAGE...

Medeiros et al.  Bol. Inst. Pesca 2019, 45(4): e532. DOI: 10.20950/1678-2305.2019.45.4.532 6/8

mykiss, and Engin and Carter (2001) and Yang et al. (2002) for 
Bidyanus bidyanus and A. australis australis, respectively. Excess 
protein and fat metabolism, especially in the T-49 diet, may 
have induced increased fish blood activity to improve oxygen 
transport efficiency.

Protein metabolism is related to energy-producing enzymes 
and both are linked to the nutritional status of the fish, which 
can be evaluated by plasma concentrations of free metabolites 
(Corrêa et al., 2007). The increase in plasma protein concentrations 
of fish fed increasing levels of protein is a pattern observed in 
studies with different species, such as Oncorhynchus mykiss 
(Yamamoto et al., 2002), Brycon cephalus (Vieira et al., 2005) 
and Piaractus mesopotamicus (Bicudo et al., 2009).

The T-49 diet, due to its high protein and lipid content, caused 
changes in the plasma protein and cholesterol levels of the pirarucus. 
In fish, lipids are transported mainly in the form of low-density 
lipoproteins (LDL) and high-density lipoproteins (HDL). The main 
function of HDL is to transport cholesterol from peripheral tissues 
to the liver, while LDL plays a role in transporting cholesterol 
from liver to body tissues (Luo et al., 2014). The correlation 
between increased levels of cholesterol and plasma proteins is 
a pattern observed in other studies (Jiang et al., 2015; Wu et al., 
2015), these metabolites are indicative of the mobilization of 
excess protein as a substrate for hepatic gluconeogenesis, which 
is undesirable from an environmental and economic point of view.

CONCLUSIONS

The results suggest more viability of T-37 among the tested 
diets in the grow-out phase of pirarucus weighing 2 to 8 kg in net 
cage system. In contrast, the T-49 diet had worst cost and protein 
efficiency, besides increased the concentration of lipid metabolism 
components in body cavity, blood and fillet. Future studies are 
recommended to evaluate in factorial designs the optimal protein 
and energy levels for pirarucu in the final stages of creation.

ACKNOWLEDGEMENTS

To the projects ADAPTA II (CNPq / FAPEAM), Aquaculture 
and Fisheries Resources Development Project in the Amazon 
- DARPA (FINEP) and PAPAC/FAPEAM for the financial 
support. To the National Council of Scientific and Technological 
Development - CNPq, for the scholarship granted. To Dr. Aires 
Oliva Teles (University of Porto, Portugal) for the review and 
suggestions in this manuscript.

REFERENCES

Abdel-Tawwab, M.; Ahmad, M.H.; Khattab, Y.A.E.; Shalaby, A.M.E. 2010. 
Effect of dietary protein level, initial body weight, and their interaction 
on the growth, feed utilization, and physiological alterations of 
Nile tilapia, Oreochromis niloticus (L.). Aquaculture (Amsterdam, 
Netherlands), 298(3-4): 267-274. http://dx.doi.org/10.1016/j.
aquaculture.2009.10.027.

Alami-Durante, H.; Cluzeaud, M.; Bazin, D.; Schrama, J.W.; Saravanan, 
S.; Geurden, I. 2019. Muscle growth mechanisms in response to 
isoenergetic changes in dietary non-protein energy source at low and 
high protein levels in juvenile rainbow trout. Comparative Biochemistry 
and Physiology. Part A, Molecular & Integrative Physiology, 230: 
91-99. http://dx.doi.org/10.1016/j.cbpa.2019.01.009. PMid:30660681.

Andrade, J.I.; Ono, E.A.; de Menezes, G.C.; Brasil, E.M.; Roubach, R.; 
Urbinati, E.C.; Tavares-Dias, M.; Marcon, J.L.; Affonso, E.G. 2007. 
Influence of diets supplemented with vitamins C and E on pirarucu 
(Arapaima gigas) blood parameters. Comparative Biochemistry and 
Physiology, 146(4): 576-580. PMid:16716624.

AOAC – Association of Official Analytical Chemists. 1999. Official Methods 
of Analysis. 16st ed. Gaithersburg: AOAC. 465p.

Arnason, J.; Bjornsdottir, R.; Arnarsson, I.; Arnadottir, G.S.; Thorarensen, H. 2010. 
Protein requirements of Atlantic cod Gadus morhua L. Aquaculture Research, 
41(3): 385-393. http://dx.doi.org/10.1111/j.1365-2109.2009.02439.x.

Azevedo, P.A.; Leeson, C.Y.; Cho, D.; Bureau, P. 2004. Growth nitrogen 
and energy utilization of juveniles from four salmonid species: Diet, 
species and size effects. Aquaculture (Amsterdam, Netherlands), 234(1-
4): 393-414. http://dx.doi.org/10.1016/j.aquaculture.2004.01.004.

Bicudo, I.J.A.; Sado, R.Y.; Cyrino, J.E.P. 2009. Growth and haematology 
of pacu, Piaractus mesopotamicus, fed diets with varying protein to 
energy ratio. Aquaculture Research, 40(4): 486-495. http://dx.doi.
org/10.1111/j.1365-2109.2008.02120.x.

Cerdeira, K.A.; Souza, K.J.N.S.; Ferreira, J.B.; Zampar, A.; Ono, 
E.A.; Affonso, E.G. 2018. Soybean meal in diets for juvenile of 
pirarucu. Boletim do Instituto de Pesca, 44(3): e318. http://dx.doi.
org/10.20950/1678-2305.2018.318.

Cipriano, F.S.; Lima, K.S.; Passinato, E.B.; Jesus, R.M.; Magalhães-Junior, 
F.O.; Tonini, W.C.T.; Braga, L.G.T. 2015. Apparent digestibility of 
energetic ingredients by pirarucu juveniles, Arapaima gigas (Schinz, 
1822). Latin American Journal of Aquatic Research, 43: 786-791.

Cipriano, F.S.; Lima, K.S.; Souza, R.H.B.; Tonini, W.C.T.; Passinato, 
E.B.; Braga, L.G.T. 2016. Digestibility of animal and vegetable 
protein ingredients by pirarucu juveniles (Arapaima gigas). Revista 
Brasileira de Zootecnia, 45(10): 581-586. http://dx.doi.org/10.1590/
S1806-92902016001000001.

Corrêa, C.F.; Aguiar, L.H.; Lundstedt, L.M.; Moraes, G. 2007. Responses 
of digestive enzymes of tambaqui (Colossoma macropomum) to 
dietary cornstarch changes and metabolic inferences. Comparative 
Biochemistry and Physiology, 147(4): 857-862. http://dx.doi.
org/10.1016/j.cbpa.2006.12.045. PMid:17490905.

Davies, S.J.; Laporte, J.; Gouveia, A.; Salim, H.S.; Woodgate, S.M.; Hassaan, 
M.S.; El-Haroun, E.R Davies, S.J.; Laporte, J.; Gouveia, A.; Salim, 
H.S.; Woodgate, S.L.; Hassan, M.S. 2019. Validation of processed 
animal proteins (mono-PAPS) in experimental diets for juvenile 
gilthead sea bream (Sparus aurata L.) as primary fish meal replacers 
within a European perspective. Aquaculture Nutrition, 25(1): 225-238. 
http://dx.doi.org/10.1111/anu.12846.

Del Risco, M.; Velásquez, J.; Sandoval, M.; Padilla, P.; Mori-Pinedo, L.; 
Chu-Koo, F. 2008. Efecto de três niveles de proteína dietaria em el 
crecimiento de juveniles de paiche, Arapaima gigas (Shinz, 1822). 
Folia Amazónica, 17(1): 29-37.

https://doi.org/10.1016/j.aquaculture.2009.10.027
https://doi.org/10.1016/j.aquaculture.2009.10.027
https://doi.org/10.1016/j.cbpa.2019.01.009
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30660681&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16716624&dopt=Abstract
https://doi.org/10.1111/j.1365-2109.2009.02439.x
https://doi.org/10.1016/j.aquaculture.2004.01.004
https://doi.org/10.1111/j.1365-2109.2008.02120.x
https://doi.org/10.1111/j.1365-2109.2008.02120.x
https://doi.org/10.20950/1678-2305.2018.318
https://doi.org/10.20950/1678-2305.2018.318
https://doi.org/10.1590/S1806-92902016001000001
https://doi.org/10.1590/S1806-92902016001000001
https://doi.org/10.1016/j.cbpa.2006.12.045
https://doi.org/10.1016/j.cbpa.2006.12.045
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17490905&dopt=Abstract
https://doi.org/10.1111/anu.12846


DIETS FOR GROW-OUT OF PIRARUCU IN NET CAGE...

Medeiros et al.  Bol. Inst. Pesca 2019, 45(4): e532. DOI: 10.20950/1678-2305.2019.45.4.532 7/8

Diógenes, A.F.; Basto, A.; Estevão-Rodrigues, T.T.; Moutinho, S.A.; Aires, 
T.; Oliva-Teles, A.; Peres, H. 2019. Soybean meal replacement by corn 
distillers dried grains with solubles (DDGS) and exogenous non-starch 
polysaccharidases supplementation in diets for gilthead sabbream 
(Sparus aurata) juveniles. Aquaculture (Amsterdam, Netherlands), 
500: 435-442. http://dx.doi.org/10.1016/j.aquaculture.2018.10.035.

Drumond, G.V.F.; Caixeiro, A.P.A.; Tavares-Dias, M.; Marcon, J.L.; Affonso, 
E.G. 2010. Características bioquímicas e hematológicas do pirarucu 
Arapaima gigas Schinz, 1822 (Arapaimidae) de cultivo semi-intensivo 
na Amazônia. Acta Amazonica, 40(3): 591-596. http://dx.doi.
org/10.1590/S0044-59672010000300020.

Einen, O.; Roem, A.J. 1997. Dietary protein/energy ratios for Atlantic salmon 
in relation to fish size: growth, feed utilization and slaughter quality. 
Aquaculture Nutrition, 3: 115-126.

El-Sayed, A.M.; Dickson, M.W.; El-Naggar, G.O. 2015. Value chain 
analysis of the aquaculture feed sector in Egypt. Aquaculture 
(Amsterdam, Netherlands), 437: 92-101. http://dx.doi.org/10.1016/j.
aquaculture.2014.11.033.

Engin, K.; Carter, C.G. 2001. Ammonia and urea excretion rates of juvenile 
Australian short-finned eel (Anguilla australis australis) as influenced 
by dietary protein level. Aquaculture (Amsterdam, Netherlands), 
194: 123-136.

FAO – Food and Agriculture Organization of the United Nations. 2018. The 
state of world fisheries and aquaculture. Roma: FAO. 227p.

Hatlen, B.; Grisdale-Helland, B.; Helland, S.J. 2005. Growth, feed utilization and 
body composition in two size groups of Atlantic halibut (Hippoglossus 
hippoglossus) fed diets differing in protein and carbohydrate content. 
Aquaculture (Amsterdam, Netherlands), 249(1-4): 401-408. http://
dx.doi.org/10.1016/j.aquaculture.2005.03.040.

Ituassú, D.R.; Pereira-Filho, M.; Roubach, R.; Crescêncio, R.; Cavero, B.A.; 
Gandra, A.L. 2005. Níveis de proteína bruta para juvenis de pirarucu. 
Pesquisa Agropecuária Brasileira, 40: 255-259.

Jiang, S.; Wu, X.; Li, W.; Wu, M.; Luo, Y.; Lu, S.; Lin, H. 2015. Effects of 
dietary protein and lipid levels on growth, feed utilization, body and 
plasma biochemical compositions of hybrid grouper (Epinephelus 
lanceolatus	♂	×	Epinephelus fuscoguttatus	♀)	juveniles.	Aquaculture	
(Amsterdam, Netherlands), 446: 148-155. http://dx.doi.org/10.1016/j.
aquaculture.2015.04.034.

Kabir, K.A.; Verdegem, M.C.J.; Verreth, J.A.J.; Phillips, M.J.; Schrama, 
J.W. 2019. Effect of dietary protein to energy ratio, stocking density 
and feeding level on performance of Nile tilapia in pond aquaculture. 
Aquaculture (Amsterdam, Netherlands), 511: 634200. http://dx.doi.
org/10.1016/j.aquaculture.2019.06.014.

Lacroix, M.; Gaudichon, C.; Martin, A.; Morens, C.; Mathe, V.; Tome, D.; 
Huneau, J.F. 2004. A long term high-protein diet markedly reduces adipose 
tissue without major side effects in Wistar male rats. American Journal 
of Physiology. Regulatory, Integrative and Comparative Physiology, 
287(4): R934-R942. http://dx.doi.org/10.1152/ajpregu.00100.2004. 
PMid:15155276.

Lee, H.M.; Cho, K.C.; Lee, J.E.; Yang, S.G. 2001. Dietary protein 
requirement of juvenile giant croaker, Nibea japonica Temminck 
and Schlegel. Aquaculture Research, 32: 112-118. http://dx.doi.
org/10.1046/j.1355-557x.2001.00050.x.

Luo, L.; Xue, M.; Vachot, C.; Geurden, I.; Kaushik, S. 2014. Dietary medium 
chain fatty acids from coconut oil have little effects on postprandial 
plasma metabolite profiles in rainbow trout (Oncorhynchus mykiss). 
Aquaculture (Amsterdam, Netherlands), 420–421: 24-31.

Magalhães-Junior, F.O.; Santos, M.J.M.; Allaman, I.B.; Soares-Junior, I.J.; 
Silva, R.F.; Braga, L.G.T. 2017. Digestible protein requirement of 
pirarucu juveniles (Arapaima gigas) reared in outdoor aquaculture. 
The Journal of Agricultural Science, 9(9): 114-122. http://dx.doi.
org/10.5539/jas.v9n9p114.

Mikkelsen, P.B.; Toubro, S.; Astrup, A. 2000. Effect of fat reduced diets 
on 24 h energy expenditure: comparisons between animal protein, 
vegetable protein and carbohydrate. The American Journal of Clinical 
Nutrition, 72(5): 1135-1141. PMid:11063440.

Oliva-Teles, A. 2012. Nutrition and health of aquaculture fish. Journal of 
Fish Diseases, 35(2): 83-108. http://dx.doi.org/10.1111/j.1365-
2761.2011.01333.x. PMid:22233511.

Oliveira, E.G.; Pinheiro, A.B.; Oliveira, V.Q.; Silva, A.R.M.; Moraes, M.G.; 
Rocha, Í.R.C.B.; Sousa, R.R.; Costa, F.H.F. 2012. Effects of stocking 
density on the performance of juvenile pirarucu (Arapaima gigas) 
in cages. Aquaculture (Amsterdam, Netherlands), 370-371: 96-101. 
http://dx.doi.org/10.1016/j.aquaculture.2012.09.027.

Ono, E.A.; Nunes, E.S.S.; Cedano, J.C.C.; Pereira-Filho, M.; Roubach, R. 
2008. Digestibilidade aparente de dietas práticas com diferentes relações 
energia:protéina em juvenis de pirarucu. Pesquisa Agropecuária Brasileira, 
43(2): 249-254. http://dx.doi.org/10.1590/S0100-204X2008000200014.

Rawles, S.D.; Green, B.W.; McEntire, M.E.; Gaylord, T.G.; Barrows, F.T. 
2018. Reducing dietary protein in pond production of hybrid striped 
bass	 (Morone	chrysops×M.	saxatilis):	Effects	on	 fish	performance	
and water quality dynamics. Aquaculture (Amsterdam, Netherlands), 
490: 217-227. http://dx.doi.org/10.1016/j.aquaculture.2018.01.045.

Sagada, G.; Chen, J.; Shen, B.; Huang, A.; Sun, L.; Jiang, J.; Jin, C. 2017. 
Optimizing protein and lipid levels in practical diet for juvenile northern 
snakehead fish (Channa argus). Animal Nutrition, 3: 156-163. https://
doi.org/10.1016/j.aninu.2017.03.003.

Salze, G.P.; Davis, D.A. 2015. Taurine: a critical nutrient for future fish 
feeds. Aquaculture (Amsterdam, Netherlands), 437: 215-229. http://
dx.doi.org/10.1016/j.aquaculture.2014.12.006.

Shah-Alam, M.; Watanabe, W.O.; Carroll, P.M. 2008. Dietary protein 
requirements of juvenile black sea bass, Centropristis striata. Journal 
of the World Aquaculture Society, 39: 656-663.

Sioli, H. 1985. Amazônia: Fundamentos da ecologia da maior região de 
florestas tropicais. 1º Ed. Petrópolis: Editora Vozes Ltda. 69p.

Tu, Y.; Xie, S.; Han, D.; Yang, Y.; Jin, J.; Zhu, X. 2015. Dietary arginine 
requirement for gibel carp (Carassis auratus gibelio var.CAS 
III)	 reduces	with	 fish	 size	 from	 50	 g	 to	 150	 g	 associated	with	
modulation of genes involved in TOR signaling pathway. Aquaculture 
(Amsterdam, Netherlands), 449: 37-47. http://dx.doi.org/10.1016/j.
aquaculture.2015.02.031.

Tuan, L.A.; Williams, K.C. 2007. Optimum dietary protein and lipid 
specifications for juvenile malabar grouper (Epinephelus malabaricus). 
Aquaculture (Amsterdam, Netherlands), 267: 129-138.

Vieira, V.P.; Inoue, L.A.K.; Moraes, G. 2005. Metabolic responses of matrinxã 
(Brycon cephalus) to dietary protein level. Comparative Biochemistry 
and Physiology. Part A, Molecular & Integrative Physiology, 140(3): 
337-342. http://dx.doi.org/10.1016/j.cbpb.2005.01.018. PMid:15792599.

https://doi.org/10.1016/j.aquaculture.2018.10.035
https://doi.org/10.1590/S0044-59672010000300020
https://doi.org/10.1590/S0044-59672010000300020
https://doi.org/10.1016/j.aquaculture.2014.11.033
https://doi.org/10.1016/j.aquaculture.2014.11.033
https://doi.org/10.1016/j.aquaculture.2005.03.040
https://doi.org/10.1016/j.aquaculture.2005.03.040
https://doi.org/10.1016/j.aquaculture.2015.04.034
https://doi.org/10.1016/j.aquaculture.2015.04.034
https://doi.org/10.1016/j.aquaculture.2019.06.014
https://doi.org/10.1016/j.aquaculture.2019.06.014
https://doi.org/10.1152/ajpregu.00100.2004
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15155276&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15155276&dopt=Abstract
https://doi.org/10.1046/j.1355-557x.2001.00050.x
https://doi.org/10.1046/j.1355-557x.2001.00050.x
https://doi.org/10.5539/jas.v9n9p114
https://doi.org/10.5539/jas.v9n9p114
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11063440&dopt=Abstract
https://doi.org/10.1111/j.1365-2761.2011.01333.x
https://doi.org/10.1111/j.1365-2761.2011.01333.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22233511&dopt=Abstract
https://doi.org/10.1016/j.aquaculture.2012.09.027
https://doi.org/10.1590/S0100-204X2008000200014
https://doi.org/10.1016/j.aquaculture.2018.01.045
https://doi.org/10.1016/j.aquaculture.2014.12.006
https://doi.org/10.1016/j.aquaculture.2014.12.006
https://doi.org/10.1016/j.aquaculture.2015.02.031
https://doi.org/10.1016/j.aquaculture.2015.02.031
https://doi.org/10.1016/j.cbpb.2005.01.018
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15792599&dopt=Abstract


DIETS FOR GROW-OUT OF PIRARUCU IN NET CAGE...

Medeiros et al.  Bol. Inst. Pesca 2019, 45(4): e532. DOI: 10.20950/1678-2305.2019.45.4.532 8/8

Wang, J.T.; Han, T.; Li, X.Y.; Yang, Y.X.; Yang, M.; Hu, S.X.; Jiang, Y.D.; 
Harpaz, S. 2017. Effects of dietary protein and lipid levels with different 
protein-to-energy ratios on growth performance, feed utilization and 
body composition of juvenile red-spotted grouper, Epinephelus akaara. 
Aquaculture Nutrition, 1(1): 1-9. http://dx.doi.org/10.1111/anu.12467.

Wicks, B.J.; Randall, D.J. 2002. The effect of feeding and fasting on 
ammonia toxicity in juvenile rainbow trout, Oncorhynchus mykiss. 
Aquatic Toxicology (Amsterdam, Netherlands), 59(1-2): 71-82. 
PMid:12088634.

Wu, X.; Castillo, S.; Rosales, M.; Burns, A.; Mendoza, M.; Gatlin 3rd, D.M. 
2015. Relative use of dietary carbohydrate, non-essential amino acids, 
and lipids for energy by hybrid striped bass, Morone chrysops	♀	×	M.	
saxatilis	♂.	Aquaculture	(Amsterdam,	Netherlands),	435:	116-119.	
http://dx.doi.org/10.1016/j.aquaculture.2014.09.030.

Yamamoto, T.; Shima, T.; Furuita, H.; Suzuki, N. 2002. Influence of dietary fat 
level and whole-body adiposity on voluntary energy intake by juvenile 
rainbow trout Oncorhynchus mykissi (Walbaun) under selffeeding 
conditions. Aquaculture Research, 33(9): 715-723. http://dx.doi.
org/10.1046/j.1365-2109.2002.00708.x.

Yang, S.D.; Liou, C.H.; Liu, F.G. 2002. Effects of dietary protein level on 
growth performance, carcass composition and ammonia excretion in 
juvenile silver perch (Bidyanus bidyanus). Aqualculture, 213(1-4): 
363-372. http://dx.doi.org/10.1016/S0044-8486(02)00120-5.

Zhang, Y.; Sun, Z.; Wang, A.; Ye, C.; Zhu, X. 2017. Effects of dietary protein 
and lipid levels on growth, body and plasma biochemical composition 
and selective gene expression in liver of hybrid snakehead (Channa 
maculata	♀	×	Channa argus	♂)	fingerlings.	Aquaculture	(Amsterdam,	
Netherlands), 468: 1-9.

https://doi.org/10.1111/anu.12467
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12088634&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12088634&dopt=Abstract
https://doi.org/10.1016/j.aquaculture.2014.09.030
https://doi.org/10.1046/j.1365-2109.2002.00708.x
https://doi.org/10.1046/j.1365-2109.2002.00708.x
https://doi.org/10.1016/S0044-8486(02)00120-5

