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Adequate feeding protocols are extremely important for the technical and economic feasibility of fish production
systems. Two feeding rates, 3% and 4% body weight per day (3%BW and 4%BW), and two feeding frequencies,
twice and three times a day, were tested during 84 days at the initial grow-out phase of tambaqui (94.5 + 6.4 g)
in earthen ponds. No mortalities or difference in growth between treatments were observed during the trial. Total
feed intake and feed conversion ratio were low in the fish fed at 3%BW. Fat deposition in the fish carcass and
concentration of glycogen and lipid vacuoles in the hepatocytes were also low in fish fed at 3%BW. Plasma
cholesterol and triglycerides were higher in the fish fed three times a day at 4%BW. Increased concentration of
malonaldehyde was observed in the carcass of fish fed three times a day at 4%BW at the end of the storage
period. Fish fed twice a day presented higher total feed intake per meal than fish fed three times a day,
demonstrating that tambaqui was able to regulate the feed intake to benefit from a low feeding frequency. No
difference was observed in pond phytoplankton and zooplankton concentration or sediment chemistry. Fish fed
at 3%BW presented higher stomach content weight, demonstrating the contribution of the natural food as a
complementary nutrition to tambaqui. Based on the results, tambaqui of 95-350 g reared in earthen ponds may
be fed twice a day at 3%BW.

yield of 5-12 tonnes hal-! year’1 (Valenti et al., 2021). In Brazil,
tambaqui is commonly farmed in semi-intensive system in ponds or

1. Introduction

Tambaqui (Colossoma macropomum) is an omnivorous fish species
native to the Amazon and Orinoco River Basins and with high economic
importance in Brazil and other countries within the Amazon region
(Hilsdorf et al., 2022). Together with pacu (Piaractus mesopotamicus),
pirapitinga (P. brachypomus) and their interspecific hybrids, they are the
main group of native fish produced in South and Central America, with
production also growing in Asian countries such as China, Indonesia,
Malaysia, Myanmar, and Vietnam (Woynarovich and Van Anrooy,
2019). Tambaqui is a fast-growing fish, with high consumer acceptance,
and tolerant to high levels of un-ionized ammonia (Gomes et al., 2020)
and low water dissolved oxygen levels (Neves et al., 2020); all charac-
teristics that demonstrate the importance of the species to the aqua-
culture industry (Hilsdorf et al., 2022).

Semi-intensive farming of tambaqui in earthen ponds is the most
practiced system, usually in one or two phases, in monoculture, with
initial weight of 2-5 g and final weight varying from 1 to 2.5 kg, with a
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reservoirs with low water renovation and relies on rainfall as the main
water supply (Lima et al., 2018). Feed represents 70-80% of the oper-
ational costs in such system. Therefore, adequate feeding management is
extremely important for the technical and economic feasibility of the
tambaqui production chain.

Feeding ratio and feeding frequency are interdependent parameters
that affect the feed intake and feed efficiency, fish size homogeneity and,
consequently, production, economic and environmental efficiency of
semi-intensive and intensive aquaculture systems (Wang et al., 1998;
Dwyer et al., 2002; Zhou et al., 2003; Wu et al., 2015; Muntaziana et al.,
2017). Adequate feeding regime must consider the species’ feeding
habit, the fish life stage, and the singularities of the production system
(Schnaittacher et al., 2005; Costa-Bomfim et al. 2014; Muntaziana et al.,
2017). Most of the studies on feeding ratio and feeding frequency for a
given fish species are conducted far from the farm conditions, in wet
laboratories under strictly controlled water quality parameters, low

Received 9 November 2023; Received in revised form 19 January 2024; Accepted 24 February 2024

Available online 2 March 2024

2352-5134/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:anapaula.rodrigues@embrapa.br
www.sciencedirect.com/science/journal/23525134
https://www.elsevier.com/locate/aqrep
https://doi.org/10.1016/j.aqrep.2024.102000
https://doi.org/10.1016/j.aqrep.2024.102000
https://doi.org/10.1016/j.aqrep.2024.102000
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A.P.O. Rodrigues et al.

stocking densities, and covering only initial life stages, with little or no
representation of the total amount of feed fed during an entire culture
cycle, and without the challenges and interactions faced in the farm
environment (Anras et al., 2001; Glencross et al., 2023). In earthen pond
farming systems, the natural food, mainly represented by the planktonic
community in the pond, is an important dietary complement to plank-
tivorous fish species, and should be considered in feeding management
to minimize the feed costs and increase the production efficiency (Bis-
was et al., 2006; Kabir et al., 2019; Boyd et al., 2020).

Studies evaluating feeding strategies for the grow-out phase of
tambaqui in farm conditions have only been carried out in cages (Chagas
et al., 2005, 2007; Silva et al., 2007). The existing feeding protocols for
the production of tambaqui in earthen ponds are mainly based on rec-
ommendations from feed industries without scientific validation.
Therefore, the objective of the present study was to investigate the
optimal feeding rate and feeding frequency in the grow-out phase
(95-350 g) of tambaqui in earthen ponds, based on growth performance,
blood parameters, liver histology, contribution of the natural food and
fish meat quality.

2. Materials and methods
2.1. Experimental conditions

Two feeding rates, 3% and 4% body weight per day (3%BW and 4%
BW), and two feeding frequencies, twice and three times a day, were
assessed in the grow-out of tambaqui cultured in earthen ponds. The
feeding rates and feeding frequencies tested were based on values
empirically suggested by commercial feeding tables for omnivorous fish
and by tambaqui farmers that apply some feeding control during the
production cycle.

The experimental design was a completely randomized 2x2 facto-
rial, with four replicates per treatment. A total of 16 earthen ponds of
approximately 300 m? surface area and 70 cm depth were stocked with
300 fish per pond.

Juvenile tambaqui of average 13 g were purchased from a com-
mercial farm (Tocantins, Brazil) and kept in earthen ponds similar to the
experimental ponds for 45 days until they reached the desired weight for
the trial (94.5 £ 6.4 g). During this period fish were fed three to four
times a day with a commercial feed (40% crude protein, 2-3 mm pellet
size). One week prior to the trial, experimental ponds were (i) drained;
(ii) disinfected with Ca(OH); (200 kg 1000 m’z); (iii) limed with agri-
cultural lime 30%Ca0-18%MgO (300 kg 1000 m’z); (iv) fertilized with
urea (50 kg ha™1), rice bran (100 kg ha™!) and single superphosphate
18%P-16%Ca-8%S (67 kg ha™!). Thereafter, ninety fish were individu-
ally weighed, and the mean weight was used to define the range of fish
weight to be stocked in the experimental ponds. Each pond was stocked
by manual selection and counting of fish. Ten bags with 30 fish each
were weighed, and fish transferred from the original pond to the
experimental pond.

The experiment was conducted for 84 days, from mid-March until
mid-June 2019. The accumulated rainfall during such period was of
60.5, 127, 54.5 and 0 mm for March, April, May, and June, respectively.
The water in the experimental ponds was replenished by taking from a
reservoir and indirectly by the rain (groundwater). In the first 49 days,
fish were fed with a 4-6 mm commercial feed (30.1% crude protein,
4041 keal kg™! gross energy, 4.7% fat, 16.7% ash, 20.9% neutral
detergent fiber, 2.3% phosphorus, and 92.2% dry matter), and for the
remaining duration of the experiment fish were fed a 6-8 mm com-
mercial feed (27.9% crude protein, 4228 keal kg™! gross energy, 5.3%
fat, 13.5% ash, 28.8% neutral detergent fiber, 1.9% phosphorus and
92.9% dry matter). Feed was manually offered at 10:00 and 16:00 (twice
a day) and at 10:00, 13:00 and 16:00 (three times a day) six days a week.
Each feeding would take a maximum of 30 min, and it was divided in
two to avoid feed leftovers. To estimate feed intake, the amount of feed
per meal per pond was weighed before each feeding and, in cases when
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fish stopped eating before finishing the allocated portion, the remaining
feed was weighed and recorded. Every two weeks 30 fish per pond were
sampled to monitor growth and adjust the feeding rate (3%BW or 4%
BW).

The study complied with official Brazilian guidelines for the care and
use of animals for scientific and educational purposes (CONCEA, pro-
tocol # 14/2018 CEUA/CNPASA), and with the National Management
System of Genetic Heritage and Associated Traditional Knowledge
(Sistema Nacional de Gestao do Patrimonio Genético e do Conhecimento
Tradicional Associado — AB3C898).

2.2. Fish growth performance

At the end of the experiment, fish were fasted for 24 h and harvested
to calculate survival rate and final biomass (fish were weighed in groups
of ten per bag). Thirty-four fish per pond, representative of the mean
size, were sampled for final body weight and final total length.

The following growth performance parameters were calculated:

— Total weight gain (kg) = final biomass — initial biomass;

— Specific growth rate (% day’l) =100 x [(In final weight - In initial
weight)/number of days];

— Daily feed intake (% body weight day 1) = [total feed intake (as fed
basis)/(final biomass + initial biomass/2)]/number of days x 100;

— Survival = 100 x (final fish count/initial fish count);

- Feed conversion = total feed intake (as fed basis)/total weight gain.

2.3. Basic nutrient composition

At the beginning of the experiment, four groups of 20 fish each were
sampled for initial carcass composition analysis. At the end of the
experiment, eight fish per pond were sampled for final carcass compo-
sition analysis. Fish carcass samples and feed samples were analysed
according to methods described in AOAC (1990) for dry matter, ash,
crude protein, and fat. Gross energy was measured by calorimetry.
Nutrient carcass deposition for protein and energy was calculated using
the formula: [(final biomass x final carcass protein/energy) — (initial
biomass x initial carcass protein/energy)]/total intake of protein/e-
nergy x 100.

2.4. Hematological analysis

Blood samples were collected from four fish per pond on days 28, 56
and 84. Fish were previously fasted for 24 h. Blood was collected from
the caudal vein using 10% EDTA as anti-coagulant. Plasma was collected
by centrifuging the total blood at 1500 x g for 10 min at 4 °C. Total
blood on day 84 was used for total hemogram, including: (a) hematocrit;
(b) total red blood cell (RBC); (c) hemoglobin concentration; (d) mean
corpuscular volume (MCV); (e) mean corpuscular hemoglobin concen-
tration (MCHC), as described by Maciel and Affonso (2021). Plasma
glucose, triglycerides, total protein, and cholesterol were evaluated on
days 28, 56 and 84 using commercial kits (Labtest Diagndstica S.A.,
Lagoa Santa, MG, Brazil) and spectrophotometric readings.

2.5. Liver histology

At the end of the trial, fish sampled for blood were euthanized with
an overdose of eugenol for liver histomorphological analysis. Liver
samples were fixed in 4% buffered formalin, included in paraffin, and
stained with hematoxylin and eosin (Suvarna et al., 2013). The area of
hepatocytes and the area of hepatocytes nuclei were randomly measured
in 50 cells per fish (Rodrigues et al., 2017) under light microscope using
a digital camera and image analysis system (Leica DM 2500, Heidelberg,
Germany).
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2.6. Lipid oxidation rate

At the end of the trial, four fish per pond were sampled for lipid
oxidation rate assay. Fish were stored at —18 °C and analysed on days O,
30, 60 and 90 of storage. Approximately 5.0 g of epaxial and hypaxial
muscle samples without any bones were collected for the assay. Tripli-
cate samples were analysed for malonaldehyde concentration using a
spectrophotometer following the thiobarbituric acid in trichloroacetic
acid extract method (Vyncke, 1970).

2.7. Primary productivity and fish stomach content

Pond plankton availability was analysed on days 0, 28, 56 and 84 of
the experiment. Phytoplankton nets (20 pm mesh; 30 cm diameter) and
zooplankton nets (68 um mesh; 37 cm diameter) were dragged for 10 m
along each pond, approximately 30 cm below the surface, resulting in a
total water volume filtered of 0.71 and 1.75 m?, respectively. Samples
were stored in 4% formalin until analysed. Abundance and composition
of the phyto- and zooplankton community (taxonomic groups) were
analysed in 1-mL subsamples per pond using Neubauer and Sedwick-
Rafter chambers, respectively.

Two fish per pond were sampled for stomach content analysis on
days 28, 56 and 84. Fish were not fed commercial feed 24 h prior to
sampling. Fish were euthanized with overdose of eugenol and stomach
sampled and fixed in 4% formalin. Stomach content was qualitatively
and quantitatively analysed, and total food weight in the stomach
recorded. Food items were grouped in the following categories: (a) in-
sects — including parts of adults, larvae and nymphs; (b) plants — seeds
and plant tissue; (c) phytoplankton; (d) sediment — sand grains; (e) co-
pepods; (f) cladocerans; (g) rotifers; (h) feed pellets; (i) partially diges-
ted matter — when the food item could not be identified. Based on the
results, frequency of occurrence (FO) of each food item was calculated
by dividing the number of stomachs in which the item occurred by the
number of stomachs with food (Hyslop, 1980). The relative abundance
(RA) of each food item was estimated considering the total amount of
food in the stomach as 100% (Silva et al., 2008).

2.8. Water quality and pond sediment

Pond water dissolved oxygen concentration, temperature, and
transparency were measured at 08:00, and pH at 16:30, six days a week,
using a multiparameter probe and Secchi disc. Water alkalinity, hard-
ness, total ammonia nitrogen, and nitrite were measured weekly, and
carbon dioxide every two weeks, using commercial colorimetric kits
(Alfakit).

Ponds presenting dissolved oxygen concentration below 2 mg L™
and total transparency were fertilized during the experiment at two
weeks intervals. Fertilization was done with half of the initial urea and
single superphosphate concentrations.

Pond bottom sediment was sampled before and after the experiment.
Sediment samples were collected from each pond at three locations
(near the water inlet, in the middle of the pond, and near the water
outlet), at 20 cm depth with a van Veen grab sampler. Excess water was
discarded after 24 h of sample settling. The three sediment samples per
pond were pooled, and dried in ventilated oven at 45 °C for later analysis
of organic carbon, organic matter, phosphorus in resin and total nitro-
gen (van Raij et al., 2001).

2.9. Statistical analysis

Data on fish growth performance, carcass nutritional composition,
histology, hemogram, number of fertilization episodes, water quality
and bottom sediment chemistry were subjected to bi-factorial analysis of
variance (PROC GLM, SAS 9.0, SAS, Cary, NC, USA), followed by
Tukey’s test. Blood biochemical data, stomach content weight, phyto-
and zooplankton concentration, and malonaldehyde concentration in
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fish meat were analysed according to the evaluation interval and using
mixed model (PROC MIXED, SAS 9.0, SAS, Cary, NC, USA) to analyse
repeated measures in time — where the best covariance matrix structure
was evaluated according to the Akaike information criterion. Each pond
was considered as an experimental unit and treated as random effect.
Feeding rate, feeding frequency, evaluation intervals and their in-
teractions were treated as fixed effects. Student t-test was used to
compare the means. Normality (Shapiro-Wilk’s test) and homoscedas-
ticity (Levene’s test) of the residues were tested and confirmed. Relative
abundance and frequency of occurrence of the stomach contents data
were analysed by the nonparametric Kruskal-Wallis test considering the
treatments resulting from the interaction between feeding rate and
feeding frequency as independent samples. Chemical parameters from
the initial and final sediment samples were compared by Wilcoxon’s
test. The level of statistical significance adopted for all analysis was 0.05.
Data is expressed as mean + standard deviation.

3. Results
3.1. Fish growth performance

No fish mortality was observed during the trial. Initial and final
biomass, weight gain, final body weight and final total length did not
differ between treatments (p > 0.05) (Table 1). Equally, growth pattern
of fish from the different treatments was relatively similar throughout
the study (Fig. 1). Total feed intake, total feed intake per feeding, feed
conversion ratio and daily feed intake were higher in the fish group fed
at 4%BW than in group fed at 3%BW (p < 0.05) (Table 1). Total feed
intake per feeding was higher in fish fed twice a day than those fed three
times a day (p < 0.05) (Table 1).

3.2. Carcass composition and liver histology

No significant difference was observed in the fish carcass deposition
of protein and energy among treatments (p > 0.05) (data not shown);
except higher fat content observed in the carcass of fish fed at 4%BW (p
< 0.05) (Table 2). The area of the hepatocytes was also larger in fish fed
at 4%BW (p < 0.05), but without significant difference in the area of the
hepatocyte nuclei (Table 2). Overall, most of the fish presented slightly
swollen hepatocytes by the presence of vacuoles of glycogen and fat,
with central nuclei and granular and eosinophilic cytoplasm (Fig. 2).
Swollen polyhedron-shape hepatocytes due to more abundant vacuoles
that dislocate the cytoplasm to the periphery of the cell were more
frequent in fish fed at 4%BW (Fig. 1).

3.3. Hematological analysis

RBC, hemoglobin and MCV in fish after 84 days of trial were not
different between treatments (p > 0.05) (Table 2), except hematocrit
and MCHC that varied according to feeding frequency. Hematocrit was
higher and MCHC were lower in fish fed twice a day (p < 0.05) (Table 2).

Blood biochemical parameters varied along the trial (p < 0.05)
(Table 3). Glucose, total protein, and cholesterol presented similar
values between days 56 and 84, and higher than on day 28. Triglycerides
was increased only at the end of the trial on day 84. Glucose level was
higher in fish fed twice a day than three times a day (p < 0.05) (Table 3).
Significant interaction between feeding rate and feeding frequency was
observed for triglycerides and cholesterol levels, in which fish fed three
times a day at 4%BW presented higher concentrations of those param-
eters (p < 0.05) (Table 3).

3.4. Lipid oxidation rate
After 90 days of storage at —18 °C, lipid oxidation rate in tambaqui

meat was increased, as seen by the increase in the concentration of
malonaldehyde (p < 0.05) (Fig. 3). Significant interaction between
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Table 1
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Growth performance of tambaqui fed over 84 days at two feeding rates (3% and 4% body weight) and two feeding frequencies (twice or three times a day) in a 2x2

factorial design.

Variables Treatments p-values
3%2x 3%3x 4%2x 4%3x Rate Frequency Rate * Frequency

Initial biomass (kg) 27.7 + 1.6 27.9 + 2.8 27.9 + 2.6 29.5 + 0.6 0.3902 0.4094 0.4917
Final biomass (kg) 96.8 + 6.9 95.2 + 6.8 99.6 + 8.8 106.2 + 5.9 0.0788 0.5040 0.2775
Weight gain (kg) 69.1 + 5.7 67.3+ 5.7 71.7 + 7.6 76.7 + 5.4 0.0758 0.6152 0.2974
Final individual weight (g) 340.53 + 22.59 341.23 + 24.96 353.82 + 36.84 365.53 + 32.06 0.2292 0.6830 0.7169
Final total length (cm) 25.41 £ 0.31 25.67 + 0.78 25.52 + 0.74 25.91 £ 0.51 0.5808 0.3040 0.8385
Total feed intake (kg) 104.4 + 11.6° 97.8 +7.3° 127.2 +15.04 132.5 +10.84 0.0003 0.9084 0.3165
Total feed intake/meal (kg) 52.2 + 5.8%° 32.6 + 2.4%° 63.6 + 7.5 44.2 + 3.6"° 0.0009 <0.0001 0.9700
Feed conversion ratio 1.5 + 0.0° 1.5+ 0.1° 1.8+014 1.7+014 <0.0001 0.2850 0.9328
Daily feed intake (% day ') 2.0 +0.1% 1.9+ 0.1° 24+014 23+014 <0.0001 0.2397 0.8088

AB Different superscript letters indicate significant difference between feeding rates.

D Different superscript letters indicate significant difference between feeding frequencies.

390
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Fig. 1. Growth curve of tambaqui fed over 84 days at two feeding rates (3%
and 4% body weight) and two feeding frequencies (twice or three times a day)
in a 2x2 factorial design.

feeding rate and feeding frequency was detected by the higher concen-
tration of malonaldehyde in the fish fed three times a day at 4%BW after
90 days of storage (data not shown).

3.5. Primary productivity and fish stomach content

A reduction in phytoplankton abundance was observed during the
trial in all treatment ponds (p < 0.05), but it did not differ between
treatments (p > 0.05) (Table 4). Significant interaction between feeding
rate and time was observed, with higher abundance of zooplankton
being recorded in the ponds fed at 3%BW for 84 days (p < 0.05)
(Table 4). The number of fertilization episodes required per pond did not

Table 2

differ between treatments (p > 0.05) (Table 4).

Fish fed at 3%BW presented heavier stomach content weight (p <
0.05) (Table 4). Time did not affect the weight of the stomach content (p
> 0.05) (Table 4). Cladocerans, copepods, plants, insects, and sediment
were observed in the stomach of the tambaqui reared in earthen ponds.
However, phytoplankton and rotifers were not observed in the stomach
content. No significant difference was observed for the food items,
except for sediment. High abundance of sediment was found in fish fed
three times a day at 3%BW. The most abundant and frequent food items
were insects and cladocerans in all treatments (p < 0.05). Plants were
frequent but not abundant in all treatments.

3.6. Water quality and pond sediment

Except for water pH, other water quality parameters did not differ
between treatments (p > 0.05) (data not shown). Mean dissolved oxy-
gen, temperature and transparency in the ponds were 2.7 +
0.72mg L™}, 29.5 + 0.2 °C and 53.3 + 8.1 cm, respectively. Mean
values of un-ionized ammonia, nitrite, alkalinity, hardness, carbon di-
oxide were 0mgL™}, 0.1 + 0.0 mgL™! N-NO,, 70.5 + 14.1 mgL~!
CaCOg3, 71.6 + 15.9 mg L! CaCO3 and 5.6 + 0.6 mg L’l, respectively.
Interaction between feeding rate and feeding frequency was observed
for water pH, as lower values (7.4 + 0.2) (p < 0.05) were observed in
ponds where fish were fed twice a day at 3%BW (Fig. 4).

Chemical parameters of the sediment did not vary between treat-
ments after 84 days of the feeding trial (p > 0.05) (Fig. 3). Carbon di-
oxide, organic matter, pH, and nitrogen in the sediment did not differ
between beginning and end of the trial. Nevertheless, significant in-
crease in the concentration of phosphorus in the sediment was observed
from 10.8 mg dm 3 at the beginning to 56.8 mg dm ™ at the end of the
trial (p < 0.05) (Fig. 3).

Fat carcass composition (as is), hepatocyte areas and blood parameters of tambaqui fed over 84 days at two feeding rates (3% and 4% body weight) and two feeding

frequencies (twice or three times a day) in a 2x2 factorial design.

Variables Treatments p-values

%) 3%2x 3%3x 4%2x 4%3x Rate Frequency Rate * Frequency
Crude fat 7.18 + 0.51% 6.61 + 0.70% 8.19 £ 0.722 7.47 £ 0.71 2 0.0474 0.1191 0.8927

Area of hepatocyte (um?) 179.49 + 6.58" 173.18 + 15.34% 206.08 + 28.44 218.70 + 28.07 # 0.0060 0.7755 0.3991

Area of hepatocyte nucleus (um?) 16.59 + 1.89 15.27 +1.22 15.18 + 0.74 16.35 + 1.55 0.8127 0.9187 0.1047
Hematocrit (%) 36.2 + 1.827 35.1 + 1.89° 37.4 £2.15% 35.3 +1.87° 0.2018 0.0310 0.4089

RBC (10° pL ™) 1.35 + 0.22 1.53 + 0.35 1.47 +0.31 1.37 £ 0.34 0.8247 0.5947 0.0934
Hemoglobin (g dL ™) 10.2 +0.69 10.4 +0.41 10.5 +0.66 10.5 +0.68 0.3173 0.3572 0.4003

MCV (fL) 270.2 + 35.6 244.9 + 69.1 269.2 + 94.1 286.1 + 142.0 0.6143 0.2649 0.1099

MCHC (g dL™ 1) 28.5 + 2.35" 29.8 + 1.59° 28.4 + 2.0° 29.6 + 1.717 0.7685 0.0087 0.9184

AB Different superscript letters indicate significant difference between feeding rates.

b Different superscript letters indicate significant difference between the feeding frequencies.
RBC - red blood cells; MCV - mean corpuscular volume; MCHC - mean corpuscular hemoglobin concentration.
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Fig. 2. (A) Liver tissue sample of tambaqui fed twice a day at 3% body weight. Slightly swollen hepatocytes by glycogen (arrow) and fat (arrowhead) vacuoles. (B)
Liver tissue sample of tambaqui fed three times a day at 4% body weight. Swollen hepatocytes of polyhedron shape due to higher occurrence of glycogen (arrow) and

fat (arrowhead) vacuoles. Hematoxylin and eosin staining; 400 x magnification.

Table 3

Plasma glucose (Glu), total proteins (TP), triglycerides (Tri) and cholesterol (Chol) of tambaqui fed over 84 days at two feeding rates (3% and 4% body weight) and two

feeding frequencies (twice and three times a day) in a 2x2 factorial design.

Variables Time Treatments p-values!
3%2x 3%3x 4%2x 4%3x Time Rate Frequency Rate * Frequency
Glu 28d 88.2 + 7.7%% 81.9 + 15.8" 87.5 + 14.6"* 76.5 + 6.97 <0.0001 0.9829 0.0182 0.8576
(mg dL™1) 56d 110.8 + 5.5%% 98.9 + 10.9% 104.2 + 17.8% 110.0 + 13.1%¥
84d 120.7 + 26.3% 104.9 + 18.7% 125.3 + 16.2% 101.2 + 12.7%
TP 28d 3.1 +0.3Y 2.9 +0.3Y 2.8 +0.1Y 3.0 +0.3Y <0.0001 0.5446 0.7157 0.3976
(gdL™) 56d 3.3+ 0.2% 3.2+ 0.3% 3.2+ 0.2% 3.3 +0.2%
84d 3.2+ 0.2% 3.4 +0.1% 3.3 +0.2% 3.2 +0.3%
Tri 28d 261.1 + 13.3" 234.1 + 36.0'® 265.7 + 40.3Y4 292.2 + 63.574 0.0001 0.2596 0.9078 0.0354
(mg dL™1) 56d 265.0 + 35.7"4 248.5 + 27.2'8 279.5 + 54.9Y 317.6 + 34.8""
84d 390.4 + 91.8%* 339.5 + 53.7%8 284.2 + 60.0%* 356.7 + 62.0%*
Chol 28d 105.9 + 16.6"* 100.6 + 13.4"® 99.9 + 17.8"A 107.5 + 7.6™ <0.0001 0.1915 0.8396 0.0310
(mg dL™1) 56d 125.1 + 9.6%A 115.0 + 5.7%® 120.7 + 18.1%* 144.3 + 9.3%A
84d 135.2 + 24.4%4 117.5 + 21.2%® 130.6 + 26.0%* 139.2 + 33.9%*

X Y. Z Different superscript letters indicate significant difference between sampling dates (time).

* ¥ Different superscript letters indicate significant difference between feeding frequencies.

A B Different superscript letters within the same feeding frequency indicate significant difference between feeding rates.
1 p-values for the interaction rate*time, frequency*time and rate*frequency*time were p > 0.05.

w
)

a a a a

~

(5)
1

bc b c b bbb

c dcd

(mg kg")
[ ]

Malonaldehyde concentration
(=)

Days
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Fig. 3. Malonaldehyde concentration in tambaqui stored at —18 °C for 90 days.
Fish were fed over 84 days at two feeding rates (3% and 4% body weight) and
two feeding frequencies (twice and three times a day) in a 2x2 factorial design.
abed pifferent superscript letters indicate significant difference in the malo-
naldehyde concentration over the days of storage within the same treatment (p
< 0.05).

4. Discussion
4.1. Fish growth performance and natural food intake

Growth of tambaqui reared in earthen ponds did not differ between
the different feeding rates and feeding frequencies tested in the present
study. Field studies assessing feeding protocols for tambaqui were con-
ducted in cages. For tambaqui reared in cages in floodplain lakes, the
protocol for better growth and feed conversion ratio (2.9) for fish size
55-205 g was 5%BW fed twice a day (Chagas et al., 2005). Setting aside
the differences that may be related to feed, water quality, stocking
density and fish genetic origin, our results of lower feeding rate with
higher feed efficiency can also be attributed to a lower dependence on
artificial feed, highlighting the importance of the natural food as com-
plementary nutrition to tambaqui in earthen ponds. Similar observation
has been reported by Arbeldez-Rojas et al. (2002), with higher growth
and better feed conversion ratio in tambaqui reared in earthen ponds
than in an intensive raceway system.

Intake of planktonic organisms, mainly zooplankton, has been
described for larval stages (Sipatba-Tavares and Braga, 2007) and
grow-out (Gomes and Silva, 2009) of tambaqui in captivity, as well as in
the wild throughout the growth cycle (Honda, 1974; Goulding and
Carvalho, 1982; Silva et al., 2000). Accordingly, high frequency of
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Table 4
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Abundance of phytoplankton (Phyto) and zooplankton (Zoo), number of fertilization episodes (Fert) and weight of the stomach content (GW) over 84 days of tambaqui
cultured in earthen ponds at two feeding rates (3% and 4% body weight) and two feeding frequencies e (twice and three times a day) in a 2x2 factorial design.

Variables Time Treatments p-values'
3%2x 3%3x 4%2x 4%3x Time Rate Frequency Rate*Time
Phyto od 37.87 + 9.92X 32.86 + 22.66% 35.84 + 12.46% 24.85 + 9.79% <0.0001 0.0670 0.8868 0.7820
(ind 10 L™Y) 28d 19.27 + 4.45Y 26.20 + 5.70¥ 17.33 + 10.82Y 26.53 + 18.16"
56d 17.62 + 8.96Y% 20.07 + 9.61Y% 13.32 + 1.52¥% 19.84 + 11.15%%
84d 17.84 + 15.70“W 7.75 + 5.35"W 4.21 + 2.70°V 5.19 + 3.66°"
Zoo od 405.56 + 366.69° 262.88 + 342.20° 244.26 + 182.58° 24.14 + 19.32° <0.0001 0.4141 0.4749 0.0264
(ind L) 28d 188.37 + 40.86% 404.19 + 183.69° 469.88 + 354.44° 599.30 + 434.85°
56d 385.93 + 374.56° 390.12 + 304.72° 527.09 + 467.66° 432.21 + 75.16%
84d 1090.70 + 947.26% 246.51 + 154.55° 175.23 + 70.90° 111.28 + 111.15°
Fert 3.00 + 0.82 2.50 + 1.00 3.25+1.71 2.75+0.50 NA 0.6573 0.3808 NA
GW (g) 28d 0.25+0.194 0.55 + 0.774 0.30 + 0.328 0.19 + 0.09% 0.9989 0.0340 0.8522 0.4539
56d 0.33 +0.174 0.40+ 0.55" 0.22 +0.13% 0.32 +0.14%
84d 0.66 +0.50" 0.38 + 0.274 0.10 + 0.08® 0.14 + 0.07%

XY.ZW Different superscript letters indicate significant difference between sampling dates (time).
@b Different superscript letters within the same sampling date indicate significant difference between feeding rates.

AB Different superscript letter indicate significant difference between feeding rates.

! p-values for frequency*time, rate*frequency, and rate*frequency*time interactions were p > 0.05.

ind - individuals; NA - not applicable.

occurrence of cladocerans and insects in the stomachs of tambaqui in
this study support such findings, demonstrating that tambaqui benefit
from the plankton available in the pond.

The heavier stomach content of fish fed at 3%BW points to the
greater intake of natural food items available in the pond. Higher intake
of zooplankton and insects, which are rich in protein (Silva et al., 2000),
may have contributed to a growth rate similar to those fish fed at 4%BW.

The time of sampling did not affect the weight of the stomach con-
tent, showing that when fish are deprived from artificial feed, they do
not increase natural food intake as they grew. The type of natural food
items ingested by tambaqui changes according to the growth stage, with
planktonic crustaceans becoming less important as fruits and seeds
intake increases in the natural environment (Honda, 1974; Abelha et al.,
2001). This may explain the constant intake of zooplankton during the
present study.

4.2. Feeding efficiency, carcass composition and physiological responses

Feeding frequency did not affect feed efficiency or carcass compo-
sition, whereas they were affected by feeding rate. Fish fed at 4%BW
consumed higher amount of feed, resulting in excess energy, increased
feed conversion ratio and carcass fat deposition. In addition, fish fed at
4%BW three times a day presented higher blood triglycerides and
cholesterol levels. High blood cholesterol may be due to high dietary
intake of cholesterol or its precursor fatty acids (Caula et al., 2008),
whereas high blood triglycerides may result from increased fat mobili-
zation rate (McCue, 2010). Increased feed intake and feed conversion
ratio as a function of increased feeding rate was also observed in Bra-
zilian sardine (Sardinella brasiliensis), associated with higher fat carcass
deposition and higher blood cholesterol and triglycerides levels (Baloi
et al., 2017). Such reduction in the feed utilization efficiency was fol-
lowed by a reduction in some digestive enzymes activity in the sardine,
demonstrating that lower feeding rates may stimulate physiological
adaptations that compensate the low food intake and increase utilization
efficiency.

Increased size of hepatocytes in fish fed at 4%BW, caused by larger
amount of glycogen and lipids vacuoles, may be a sign of cellular
degeneration and, together with the increased carcass fat deposition,
suggests lipogenesis due to higher feed intake (Jiang et al., 2020). Signs
of cellular degeneration, although to a low extent, caused by vacuoles in
the cytoplasm, were observed in the majority of fish liver, which can be
attributed to high feed intake in semi-intensive farming systems (Fer-
nandes Junior et al., 2016). Increased values of plasma glucose, total
protein, triglycerides, and cholesterol observed during tambaqui

grow-out may also be due to high feed intake in the specific farming
system.

Higher feed intake per meal observed in the fish fed twice a day than
in those fed three times a day demonstrated that tambaqui in grow-out
was able to regulate the feed intake to benefit from a low feeding fre-
quency. Such adaptation is commonly observed in response to lower
feeding frequency, and it is linked to the physical capacity of the fish
stomach (Dwyer et al., 2002; Baloi et al., 2016). The latter, together with
fish growth performance, is determinant to stablish the ideal feeding
frequency. Additionally, in commercial farms, another important factor
is the cost of labor to feed fish; for fish farms that use manual feeding, the
greater the frequency, the higher the cost of feeding (NRC, 2011). The
higher plasma glucose levels found in fish fed twice a day can also be due
to this adaptation. In juvenile Lebranche mullet (Mugil liza), the increase
in plasma glucose levels observed at higher feeding frequencies was
related to an increase in total feed intake and, consequently, in the
availability of dietary carbohydrates (Calixto da Silva et al., 2020). In
our study, as the feeding rate was fixed, total feed intake did not differ
between the tested feeding frequencies. However, the higher total feed
consumption per meal in fish fed twice a day can have provided a larger
amount of carbohydrates per meal for tambaqui, increasing the levels of
plasma glucose.

Fish fed twice a day also presented higher values of hematocrit,
which may result from stress events, hemoconcentration, or response to
anemia (Campbell, 2004). Nevertheless, no changes in total proteins or
RBC were observed that could lead to either hemoconcentration or
anemia. The reduced MCHC, but stable hemoglobin concentration, was
expected and does not interfere in fish homeostasis. Despite the overall
variations in the hematological parameters of fish fed twice a day, the
hemogram values were within the normal range reported for a healthy
tambaqui (Costa et al., 2019; Izel-Silva et al., 2020; Maciel and Affonso,
2021), indicating that both feeding frequencies were suitable for the
species.

4.3. Lipid oxidation rate

Feed composition and the amount of feed fed to fish in intensive
systems may affect lipid oxidation rate, for example, by pro- and anti-
oxidant chemicals and their excess intake (Fogaca and Sant’ana, 2009).
The longer the exposure and storage of fish, higher the rancidification, a
trend that was observed in the fish meat of all treatments of the present
study. Meat of fish fed three times a day at 4%BW and stored for 90 days
presented high concentration of malonaldehyde, concurring with the
high carcass fat deposition. Nevertheless, it is important to note that the
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Fig. 4. Mean water pH, and pond bottom sediment organic carbon (C), organic matter (OM), pH, phosphorus (P), and total nitrogen (N) at beginning and end of 84
days of tambaqui feeding at two feeding rates (3% and 4% body weight) and two feeding frequencies (twice and three times a day) in a 2x2 factorial design. * B
Different superscript letters indicate significant difference between feeding rates within the same feeding frequency. ® ® Different superscript letters indicate sig-
nificant difference between feeding frequencies within the same feeding rate. *Y Different superscript letters indicate significant difference between sampling

dates (time).

malonaldehyde concentrations during the storage period tested were
below the sensory rejection levels of 5.0-8.0 mg kg™ fish (Bogdanovi¢
et al., 2012). The fish tested in the present trial were from the initial
grow-out stage, and studies are warranted in the final grow-out stage
(1-2.5 kg fish) to assess the oxidation curve of those products meant for
immediate consumption.

4.4. Primary productivity, water quality, and sediment

The phytoplankton community is strongly influenced by weather and
anthropogenic factors (Sipatiba-Tavares et al., 2019). During wet sea-
son, low luminosity has direct effect upon primary productivity (Kopp
et al.,, 2016) and, consequently, on water dissolved oxygen concentra-
tions. During most part of the study local rainfall was high, which may
explain the reduction in primary productivity, even with increased fish
biomass and organic load.
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Water quality parameters remained within the recommended range
for neotropical fish species (Baldisseroto and Gomes, 2020), except for
dissolved oxygen, which was below 4 mg L. Low levels of dissolved
oxygen were also observed in the morning in other studies in ponds with
tambaqui in the Amazon region (Gomes and Silva, 2009; Izel-Silva et al.,
2020) and in cages in floodplain lakes (Chagas et al., 2005, 2007), as
well as with tambatinga (2Colossoma macropomum x J3Piaractus bra-
chypomus) reared in seasonal ponds during the wet season (Lima et al.,
2018). Low oxygen levels (< 1 mgL™) are common in the natural
habitat of tambaqui, and the species developed some physiological ad-
aptations that allow survival and growth in such conditions (Neves et al.,
2020).

Phosphorus, nitrogen, organic matter, and organic carbon did not
vary with the feeding rate or feeding frequency. Organic matter and
organic carbon levels were within acceptable values for aquaculture
(Boyd et al., 2002) and similar to previously reported values in a study
that characterized fertilized ponds for tambaqui farming (Souza et al.,
2021). Nitrogen levels were also within range reported for fish ponds
sediments, which are nitrogen-rich (Drézdz et al., 2020). On the other
hand, initial and final values for phosphorus in the sediment were lower
than commonly reported values in ponds (Drozdz et al., 2020). Knowing
that the sediment can absorb high amounts of phosphorus (Boyd et al.,
2002), the values reported in this study may reflect the originally low
concentration of phosphorus in the soil. Considering the low phosphorus
availability in the soil, it is suggested that low phosphorus was available
in the water, which may have limited the phytoplankton growth,
together with the low accumulation of other compounds in the sedi-
ment. Additionally, soil pH values were near neutral possibly due to
adequate levels of organic matter in the sediment and the carbon:ni-
trogen ratio of 10:1 in the ponds during the study period. Such condi-
tions are favorable to the microbial growth and organic matter
decomposition (Boyd et al., 2002; Jiménez-Montealegre et al., 2005).

No significant difference in primary productivity and the same
number of fertilization episodes needed in the ponds during the study
may indicate that the differences in nutrient input in the water due to the
feed was not sufficient to affect primary productivity or sediment
chemistry of the ponds. Increase in the zooplankton community was
observed after 28 days as a response to the initial abundance of phyto-
plankton, as reported by Khan and Bari (2019), who studied the
plankton community in both fertilized and artificial formulated feed
treated fish ponds, and by Li et al. (2019) in the natural environment.
Nevertheless, the abundance of the zooplankton reduced in most of the
treatments by day 84, possibly due to low availability of food source, i.
e., phytoplankton, and the initial intense grazing, as described by Li
et al. (2019). Significant increase in zooplankton was observed in the
ponds where fish were fed at 3%BW twice a day, which may justify the
increase in the fish stomach content during the same period in those
ponds.

5. Conclusion

Tambaqui fed at 3%BW presented the same growth and better feed
utilization efficiency than fish fed at 4%BW. The species was able to
regulate feed intake to benefit from a low feeding frequency, which
implies in lower cost of labor to feed fish manually. Based on the results
found in this study for the initial grow-out phase (95-350 g) of tambaqui
cultured in earthen ponds, the recommended feeding rate and frequency
is 3% of body weight twice a day.
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