ﬁ\ﬁ agriculture

Article
Production of Late Seedlings of Acai (Euterpe oleraceae) in an
Aquaponic System with Tambaqui (Colossoma macropomum,

Curvier, 1818)

Edileno Tiago de Sousa Nascimento 17, Raimundo Formento Pereira Junior
Bianca de Jesus Figueiredo Gomes

1@, Valéria Silva dos Reis 1@,

10, Marco Shizuo Owatari 2%, Ronald Kennedy Luz 3,

Nuno Filipe Alves Correia de Melo 12, Maria de Lourdes Souza Santos 1, Glauber David Almeida Palheta !
and Fabio Carneiro Sterzelecki !

check for
updates

Citation: Nascimento, E.T.d.S.;
Pereira Junior, R.F; Reis, V.S.d.;
Gomes, B.d.J.F.; Owatari, M.S.; Luz,
R.K,; Melo, N.FA.C.d.; Santos,
M.d.L.S,; Palheta, G.D.A.; Sterzelecki,
E.C. Production of Late Seedlings of
Acgai (Euterpe oleraceae) in an
Aquaponic System with Tambaqui
(Colossoma macropomum, Curvier,
1818). Agriculture 2023, 13, 1581.
https://doi.org/10.3390/
agriculture13081581

Academic Editors: Camelia F. Oroian

and Horatiu Felix Arion

Received: 6 July 2023
Revised: 7 August 2023
Accepted: 8 August 2023
Published: 8 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Avenida Presidente Tancredo Neves, Programa de Pés-Graduacao em Aquicultura e Recursos Aquaticos
Tropicais, Instituto Socioambiental e dos Recursos Hidricos, Universidade Federal Rural da Amazénia,
N° 2501 Bairro, Belém 66077-830, Brazil; edilenotiago2@gmail.com (E.T.d.S.N.);
formento.junior1012@gmail.com (R.EP].); valeriareis150@gmail.com (V.S.d.R.);
biancajfgomes@gmail.com (B.d.J. EG.); nuno.melo@ufra.edu.br (N.F.A.C.d.M.);
lourdes.santos@ufra.edu.br (M.d.L.S.S.); glauber.palheta@ufra.edu.br (G.D.A.P);
fabio.sterzelecki@ufra.edu.br (F.C.S.)

Aquatic Organisms Health Laboratory—AQUOS, Aquaculture Department, Federal University of Santa
Catarina (CCA/UFSC), Rodovia Admar Gonzaga 1346, Florianépolis 88040-900, Brazil

Laboratério de Aquacultura, Departamento de Zootecnia de Universidade Federal de Minas Gerais (UFMG),
Belo Horizonte 31270-901, Brazil; luzrk@vet.ufmg.br

*  Correspondence: marco.owatari@posgrad.ufsc.br

Abstract: Over the years, aquaponics has become a powerful technological tool that allows the
sustainable production of food, integrating conventional fish farming with vegetable production. The
present study evaluated the production of late seedlings of acai Euterpe oleraceae in an aquaponic
system with tambaqui Colossoma macropomum. A total of 36 tambaquis with an initial average weight
and length of 1086.75 £ 16.38 g and 38.49 & 0.90 cm were distributed in 12 independent aquaponic
units, totaling 3.62 kg m 3. The fish were fed three times daily with commercial feed at a rate of
3%. Three flooding levels of 5, 10 and 15 cm, with constant water flow through the hydroponic
bed (0.5 m?), were evaluated, and a control-hydroponic bed with flooding levels of 10 cm was
established, all in triplicate. In the 5 and 10 cm treatments, 3450 acai seedlings with an initial height
of 12.3 £+ 1.9 cm were used (575 per aquaponic units), while the 15 cm treatment contained non-
germinated agai seeds. The control group did not receive agai seeds and remained empty. Analyses
to monitor total dissolved solids (TDS), electrical conductivity, dissolved oxygen, temperature, pH,
alkalinity, hardness, nitrogenous compounds, and phosphate levels were performed. At the end
of the 30-day trial, the growth performance of tambaqui and plants was evaluated. Water quality
was significantly (p < 0.05) affected by different flooding levels. Electrical conductivity and TDS
decreased with an increasing in flooding levels. The flooding levels significantly influenced (p < 0.05)
the concentration of total ammonia and nitrate between the treatments. The 5 cm flooding level
showed the best plant development indexes for total height, aerial portion height, root height and
aerial portion fresh mass. No significant differences (p < 0.05) were observed in tambaqui growth
performance. The aquaponic system proved to be effective in reusing fish waste (excreta and feed
leftovers) generated in the system. The biotransformation of waste into nutrients allowed the growth
of plants and nitrifying bacteria, which, through their metabolic pathways, ensured the purification
and reuse of water, avoiding the discharge of this waste into the environment.
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1. Introduction

Aquaponics is a technological model that harmoniously integrates conventional fish
farming with vegetable production in a hydroponic environment, allowing greater food
productivity in a sustainable way [1]. In this symbiotic environment, vegetable growth
is optimized by the abundant availability of nutrients, generated from the aquaculture
system [2,3], which benefits as plants absorb and fix nutrients, contributing to the proper
maintenance of water quality parameters in fish ponds [4]. This technology provides a
considerable reduction in the use of chemical fertilizers for plant growth, while reducing
the environmental impacts generated by fish farming [5,6]. In this way, aquaponics emerges
as a circular bioeconomy model for production of organic food [7].

The cultivation techniques most used in aquaponic systems are the Nutrient Film
Technique (NFT), the Deep-Water Culture system (DWC) and the media-based grow bed
(MGB) [8,9], where various organic, inorganic, or synthetic materials are used as fixation
substrates [9], in order to provide greater stability to plant roots, and at the same time,
act as a biological support for nitrifying bacteria [1]. This layout establishes both physical
and biological filtration for the system, without needing an external biofilter as in other
hydroponic setups [10-12]. The use of efficient and low-cost filter media is essential
for the improvement of aquaponic systems [13,14]. Given this premise, the substrate
with agai seeds (Euterpe oleraceac Mart, 1824) can be highlighted, which, in addition to
functioning efficiently as an alternative biofilter, produces acai seedlings, generating income
for producers [15].

Acaiis a popular Amazonian fruit. In the year 2021 alone, Brazilian production reached
a volume close to 227 thousand tons [16], where the state of Para became a reference in
acai production, with an estimated profit of USD 9.5 million for producers in recent years
due to exports to the United States [17]. However, the production of agai generates a high
volume of fibrous residues, which are often discarded irregularly after processing the fruit,
representing a major environmental problem [18,19].

The species reproduces sexually or asexually and the seeds germinate quickly and
constantly. Traditionally, the agai seed is sown directly into plastic bags to germinate and
form seedlings. This process lasts from 3 to 11 months, so that the plants reach a height
of approximately 40 and 50 cm [20]. Despite this, some seeds do not germinate, so it is
recommended to sow them in specific containers for germination, and when the seedlings
reach the “toothpick” stage, they are transplanted into seedling bags. However, the great
challenge is to increase the multiplication rate of vegetative tillers [21]. Thus, the formation
of seedlings is recommended in order to obtain a gain of 2 to 3 years in development, in the
field, compared to direct sowing [20].

Recently, a pilot study enabled the production of “toothpick” seedlings in aquaponic
systems, developing and forming more than 1300 seedlings per m? in four weeks [15]. In
the aforementioned study three flooding levels with constant water flow through the agai
seed hydroponic bed were tested. Nevertheless, there are no studies that have evaluated
the development of acai seedlings beyond four weeks in an aquaponic system, observing
the effects of more robust acai seedlings in these systems.

For this reason, here in the present research, the acai seedlings that were germinated
in four weeks in the study proposed by Sterzelecki et al. [15] were used to evaluate the
production of late seedlings of agai Euterpe oleraceae in aquaponic system with tambaqui
Colossoma macropomum, verifying the influence of seedlings on water quality, nitrogenous
compounds, phosphate levels and on tambaqui growth performance.

2. Material and Methods

The experiment was carried out at the Federal Rural University of the Amazon
(UFRA)—campus Belém, Para, Brazil, in an aquaponic system sheltered by a greenhouse,
and lasted 30 days. This study was approved by the Ethics Committee on Animal Use of
the Federal Rural University of Amazonia protocol number n° 1457260820.
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2.1. Experimental Design

The experiment was structured with 12 independent aquaponic units, featuring a
recirculating water system. Each unit consisted of an individual fish tank with a volume
of 1000 L (900 L useful), a 70 L decanter, a 100 L biofilter, a pump (3000 L h~!) for water
distribution in the system, and a 150 L hydroponic bed filled with acai seeds (13 cm deep)
(Figure 1). Dechlorinated water was used to fill the tanks and replace the evaporated water
throughout the experiment.

Figure 1. Graphical representation of the experimental unit composed of independent aquaponic
systems. In (1) 1000 L individual fish tank, (2) decanter—70 L, (3) 100 L biofilter, (4) hydroponic
bed—150 L. i = water inlet; o = water outlet.

The fish used in this study came from the Universidade Federal Rural da Amazoénia
and were obtained in the same spawning from a breeding stock from the Amazonian
Aquaculture Biosystems Laboratory. A total of 36 tambaquis with average initial weight
and length of 1086.75 & 16.38 g and 38.49 £ 0.90 cm were used. The tanks were populated
with three animals per aquaponic unit (nine per treatment), making a low density of
3.62 kg m~3. The fish were fed three times daily with a comercial feed NUTRIPISCIS® with
a granulometry of 6-8 mm (28% crude protein and 9% lipid) at a rate of 3%.
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After the initial procedures for the operation of the aquaponic system, water circulation
in the hydroponic beds was allowed. Three flooding levels of 5, 10 and 15 cm with constant
flow through the hydroponic bed were tested, and a control-hydroponic bed with flooding
level of 10 cm was established, all in triplicate. In the 5 and 10 cm treatments, 3450 acai
seedlings (575 per hydroponic bed) with an initial height of 12.3 £ 1.9 cm were used
(Figure 2), while the 15 cm treatment contained non-germinated agai seeds during the study
by Sterzelecki et al. [15]. The control group did not receive acai seeds and remained empty
according to Sterzelecki et al. [15].

Figure 2. Acai seedlings obtained by Sterzelecki et al. [15] in aquaponic system with tambaqui
Colossoma macropomum and used in the present study, giving experimental continuation for production
of late seedlings. The figure shows germinated and non-germinated seeds of Acai palm Euterpe
oleracea.

2.2. Water Analysis

Daily analyses were carried out in the fish tanks to monitor total dissolved solids
(TDS) (AQUAREAD AP-800 Multiparameter Probe), electrical conductivity in the water,
dissolved oxygen (YSI ProODO, Yellow Springs, OH, USA, +0.01 mg L~!), temperature
and pH (BL-1072—portable digital pH meter). In addition, dissolved oxygen and pH were
also analysed in influent and effluent water from the hydroponic beds.
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Water samples were collected weekly to check alkalinity, hardness, nitrogenous com-
pounds and phosphate levels. The water was filtered using a 0.7 pm F/GF membrane and
analyzed based on standard APHA methods [22]. Phosphate levels were measured by
applying the test for total phosphorus (ascorbic acid) [22], total ammonia [23], nitrite with
the Griess reaction [22], and nitrate with spectrophotometry read at 220 nm /270 nm in a
spectrophotometer (Ionlab, Parand, Brazil) [22]. Total ammonia removal (%) was calculated
as: TAN removed (%) = (TAT — TAC/TAC) x 100, where TAN is the total ammonia, TAT is
the total ammonia in the treatment tank, and TAC is the ammonia total in the control tank.

2.3. Fish Growth Performance

Fish were measured and weighed weekly to verify growth performance. Before
sampling, individuals were fasted for 24 h and anesthetized with Eugenol (50 mg L~1)
to avoid stress. Weight gain was obtained by subtracting the final weight from the initial
weight. Feed conversion rates were calculated by (FCR) = feed intake (g)/weight gain (g).
Fulton’s condition factor (K) = W/L3 x 100.

2.4. Plant Growth Performance

The performance of the acai seedlings was verified at the end of 30 days through the
development in relation to the total height of the plant (cm), aerial portion height (cm), root
height (cm), collar diameter (mm), total fresh mass (g), aerial portion fresh mass (g), and
root fresh mass (n = 30 per treatment).

2.5. Statistical Analysis

The homoscedastic and normality dispersion of the data was analyzed. For parametric
variables, post hoc one-way ANOVA and Tukey tests were used to verify significant
differences (p < 0.05). For non-parametric results, post hoc Kruskal-Wallis and Dunn tests
were applied to explore significant differences (p < 0.05). Two-way ANOVA was used
on nitrogen and phosphate compounds to compare different sampling times (p < 0.05).
GraphPad Prism 9 was used for statistical analysis.

3. Results
3.1. Water Quality

Water quality variables were significantly affected (p < 0.05) by different flooding levels.
The flooding levels significantly influenced (p < 0.05) the concentration of total ammonia
and nitrate between treatments. Total ammonia was significantly reduced throughout the
experimental period in groups with seedlings and agai seeds, regardless of the flooding
level. The lowest nitrate concentrations were observed in the treatment with a flooding
level of 15 cm. However, nitrate was lower in the flooding level 15 cm only in the 21st
day, when compared to the other treatments. Nitrite and phosphate were not significant
between groups (Table 1). Dissolved oxygen showed a significant difference (p < 0.05)
between the control group and the flooding level of 10 cm. The pH was depth-dependent
on the flooding levels, while the conductivity and amount of TDS decreased with increasing
depth of the system (Table 2).

3.2. Plant Growth Performance

The flooding levels of 5 and 10 cm significantly influenced plant performance. The
5 ecm flooding level showed the best development indexes in relation to total height, aerial
portion height, root height and aerial portion fresh mass. However, collar diameter, total
fresh mass and root fresh mass did not differ between the groups. The treatment with a
depth of 15 cm did not show germinated agai seedlings, while the control treatment was
empty and did not have acai seedlings (Table 3).
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Table 1. Effects of seeds and late seedlings of acai Euterpe oleraceae in aquaponic system with tambaqui

Colossoma macropomum on nitrogen and phosphate compounds at different flooding levels (5, 10 and

15 cm), and control group. Data are presented as the mean 4+ SEM. Different letters indicate statistical
differences between the groups (p < 0.05).

Compounds  Days Control 5 cm 10 cm 15 cm

Total 0 7.73 +2.862 7.73 +2.86P 0.45 + 0.08 0.14 £0.03P
ammonia 14 15.76 + 14.77 2 0.97 +0.67b 0.47 +0.18P 0.75+ 0.82b
(mg L) 21 13.55 4+ 14.11 2 0.26 £0.21b 0.17 £ 0.06 ® 0.10 £ 0.03b
28 10.07 4+ 12.44 2 0.39 +0.28 b 034+ 0.16P 034+ 0.18b

0 0.00 % 0.00 0.00 % 0.00 0.00 & 0.00 0.00 & 0.00

Nitrite 14 0.03 £ 0.00 0.02 £ 0.00 0.02 £ 0.01 0.03 £ 0.01
(mg L1 21 0.03 £+ 0.02 0.02 £+ 0.01 0.01 + 0.01 0.01 £ 0.02
28 0.01 % 0.00 0.01 + 0.02 0.02 £ 0.01 0.02 & 0.00

0 2645 +4702%  2457+0.102 1878 +£12333 2144+ 0.63b

Nitrate 14 36.16 £ 0542  33854+4.332 2040+ 14.4423> 783 +047b
(mgL~1) 21 3399 £3312  30.08+9.463 1525+ 15.04° 7.23 4+ 0.07 ¢
28 30.15+ 6302 2931 +7.282 17.02 &£ 9.41 @b 655+ 1.69b

0 5.63 + 1.30 6.23 + 0.80 6.06 + 0.39 6.00 & 0.21

Phosohate 14 7.77 + 0.08 7.74 4+ 0.27 6.48 + 1.28 6.76 + 0.61
(mg L1 21 7.37 + 0.77 7.60 & 0.25 7.29 + 0.56 6.77 +0.10
28 6.89 + 0.47 6.54 + 0.38 6.61 £+ 1.33 6.08 + 0.96

Table 2. Effects of seeds and late seedlings of acai Euterpe oleraceae in aquaponic system with tambaqui

Colossoma macropomum on water quality at different flooding levels (5, 10 and 15 cm), and control

group. Data are presented as the mean + SEM. Different letters indicate statistical differences between

the groups (p < 0.05).
Flooding Levels
Variables
Control (10 cm) 5cm 10 cm 15 cm

Temperature °C 27.7 +0.06 2 27.8 4 0.06 @ 27.6 +0.07 2P 27.440.06°
Dissolved oxygen (mg L™1) 5.37 £0.092 5.13 +0.08 498 +0.10° 5.2 +0.09
pH 6.4 +0.05¢ 6.85+0.05° 6.99 +0.04° 7.16 £0.032
Electrical conductivity (nScem™')  423.24+12.30° 34404 7.87P 3289 +814P  26654820°¢
Total dissolved solids (mg L™1) 276.7 +7.70 2 2266 +£580P 2064 +6.00P  180.0+7.61°¢

Table 3. Development parameters of acai seedlings after 30 days in aquaponic system at different
flooding levels (5, 10 cm). Data are presented as the mean £ SEM based on sampling of 15 plants per
aquaponic bed (45 per treatment). Different statistical letters indicate differences between the groups

(p < 0.05).
Flooding Levels
Development Parameters
5cm 10 cm

Plant initial height (cm) 1234+192 123+192
Plant total height (cm) 3455 +0.722 247 +057b
Aerial portion height (cm) 20.61 £0.51° 13.414+0.40°
Root height (cm) 13.93 4+ 0.40 2 11.29 +0.33P
Collar diameter (mm) 34+ 0.071 3.56 + 0.061
Total fresh mass (g) 1.88 +0.03 1.83 + 0.04
Aerial portion fresh mass (g) 0.87 +0.03 2 0.66 +0.02b
Root fresh mass (g) 0.98 +0.03P 1.19 + 0.042
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3.3. Fish Growth Performance

No significant differences (p < 0.05) were observed in tambaqui growth performance
indexes, regardless of the flooding levels tested. Furthermore, no fish mortalities were
observed during the experimental period (Table 4).

Table 4. Effects of seeds and late seedlings of agai Euterpe oleraceae at different flooding levels (5, 10
and 15 cm) on the growth performance of tambaqui Colossoma macropomum, and control group. Data
are presented as the mean + SEM n =9.

Flooding Levels

Growth Indexes

Control (10 cm) 5cm 10 cm 15 cm
Initial weight (g) 1097.0 4+ 50.0 1103.0 = 57.6 1080.0 £56.3 1067.0 4= 54.8
Initial condition factor 1.83 = 0.12 195 +0.14 1.78 +0.13 2.05 +0.16
Final weight (g) 1388.0 4+ 69.6 1427.0 = 76.6 1396.0 £ 71.1 1396.0 £ 65.1
Weight gain (g) 291.3 £ 31.3 324.0 +35.9 315.6 +28.3 329.4 + 36.4
Initial length (cm) 39.12 £ 0.6 38.33 + 0.7 39.26 + 0.5 3728 £ 0.6
Final length (cm) 41.02+0.9 42,6 £ 0.6 4192 +0.7 41.8 £0.7
Final condition factor 2.01 £0.11 1.84 + 0.6 1.89 +0.12 191 +0.14
Feed conversion ratio 2.07 £0.16 1.87 £ 0.18 1.87 £ 0.12 1.80 4 0.22

4. Discussion

Aquaponics has all the fundamental characteristics established as basic criteria for a
more sustainable future in food production, and meets the principles of circular bioeconomy,
being able to optimize the efficiency of resources used in production and mitigate the
environmental impacts caused by conventional aquaculture [1,7].

As observed by Sterzelecki et al. [15], in the present study the use of seed and late
seedlings of acai in different flooding levels produced significant positive effects on water
quality and plant development in the long term. The water quality in an aquaponic
system can be affected mainly by the stocking density of fish, plants and microbiological
activities [24], in addition to providing an increase in productivity in the system when
maintained in optimal conditions [25-28]. This information corroborates the findings of
the present study, where a lower availability of dissolved oxygen was observed at flooding
levels of 10 cm, which possibly resulted in lower plant productivity rates.

Likewise, the pH variation recorded here can be related to the characteristics of the
aquaponic sets presented. In the control group, which contained only the fish tank without
the acai bed, the pH remained significantly more acidic. This probably occurred due to
the absence of plants in this treatment, which reduced the ability to remove nitrogenous
compounds from the water, increasing the levels of N-NHj3 and Carbon dioxide (CO,) in the
aqueous medium, and consequently, the acidity of the water. While in the other treatments
that had agai seedlings or seeds, the pH remained close to neutrality, possibly providing a
greater proliferation of nitrifying or heterotrophic bacteria, which have optimized growth
at a pH between 7.0 and 8.0 [29]. Despite the values found in the present study being a little
below the level indicated for plants and fish, no apparent harmful effects were observed on
the development of agai seedlings and fish, indicating that these conditions were acceptable
for the aquaponic system proposed in the present study.

Electrical conductivity is a good indicator of ion availability for plants [30], as it varies
considerably according to the concentration of dissolved salts in water [31]. The results
found in the present study demonstrate that the acai seedlings efficiently absorbed the
nutrients available in the water [7], significantly reducing the electrical conductivity in the
treatment with flooding level of 5 cm, where the plants ended the experiment with greater
total height, implying a greater demand and absorption of nutrients from water. However,
high flooding levels are not favorable for the system [15], given that the absorption of
nutrients available within reach of plant roots is limited when the plant is in an early stage
of development.
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Total dissolved solids at elevated levels can significantly affect fish and aquatic life
in general, and are extremely important indicators of deteriorating water quality and
degradation of aquatic environments [32]. In turn, plant roots have the ability to filter
such particles dissolved in water and use them as nutrients, alleviating the amount of
total dissolved solids in a given aquatic ecosystem [33]. Here, in the present study, we
didactically observed such an event, where the control treatment had higher concentrations
of TDS, probably because it did not have plants in its configuration. While the groups
with flooding levels 5 and 10 cm significantly reduced the amount of TDS. Interestingly,
the group with flooding levels at 15 cm, which contained only acai seeds, had the lowest
amount of TDS, demonstrating that acai seeds are also an excellent medium for biological
support, capable of removing TDS.

Nitrogen compounds, in their various forms, can be removed from cropping systems
through mechanical, physical-chemical and biological processes. However, biological
processes prove to be more economical and efficient, as they follow the same decompo-
sition pathways that exist in nature. In effluent treatment systems, the main biological
processes for nitrogen cycling are nitrification, denitrification and anaerobic ammonia
oxidation [15,34-36]. In aquaponics, the nitrification process takes place in two stages. In
the first step, called nitritation, ammonia is oxidized to nitrite by ammonia-oxidizing bac-
teria (Nitrosomonas and Nitrosospir). Then, in the phase known as nitratation, nitrite is
oxidized to nitrate by nitrite-oxidizing bacteria (Nitrosococcus, Nitrobacter, Nitrospira, Nitro-
coccus and Nitrospina) [36,37]. However, the natural establishment of nitrifying bacterial
communities is slow [36].

In the present study, it was observed that the treatment with flooding levels at 15 cm,
which contained only acai seeds, probably offered greater surface area of biological support
for the adhesion of nitrite-oxidizing bacteria, given the kinetics of degradation of this
nitrogenous compound observed on the 21st day (Table 1). Nevertheless, the groups in
flooding levels at 5, 10 and 15 cm were efficient in the oxidation of total ammonia when
compared to the control treatment, possibly due to the greater availability of biological
support for the adhesion of ammonia-oxidizing bacteria (Nitrosomonas and Nitrosospir),
considering the absence of plants and seeds in the control group. Even so, we observed
that in the groups of flooding levels at 5, 10 cm, the total ammonia remained low since the
beginning of the period, indicating that the reduction in nitrogenous compounds in this
period also occurred through the absorption of the acai seedlings roots, while the presence
of phototrophic microorganisms may justify the reduction in nitrate in flooding levels at
15 cm, as already demonstrated by Sterzelecki et al. [15]. Such results demonstrate that the
acai seed acted efficiently within the aquaponic system, significantly improving the water
quality, and can be considered an excellent live biofilter for the system.

Plant development can be significantly influenced according to the depth level where
it is found [38], and depending on the water depth, the survival capacity of plants can
decrease [39]. Although the agai tree presents adaptations to flooding situations [40], the
results obtained in the present study indicate that the flooding level of 5 cm presented
the best results for the analyzed parameters. Similar results related to the development
of the aerial portion of agai seedlings in an aquaponic system were also found by Medina
et al. [41] when comparing the effects of two feedings on the productivity of red amaranth
(Amaranthus tricolor) in an integrated culture with blue tilapia (Oreochromis aureus) during
60 days. At the time, the researchers verified that the increased productivity of the plant,
combined with the use of a low-protein fish feed, can increase the total revenue of the
aquaponic farm, despite the reduction in fish production.

Although root height was greater at the 5 cm flooding level, fresh root mass was
greater at the 10 cm level. This result may be directly related to the depth level and to
the acai substrates, since, due to the greater depth in the 10 cm flooding levels, the plant
probably produced more dispersed roots to optimize the absorption of nutrients in the
water. Results similar to those of the present study were also found by Fischer et al. [42]
when comparing the productivity of juvenile largemouth bass Micropterus salmoides in a
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recirculating aquaculture system versus aquaponics with lemongrass and spring onion
production. At the time, the authors considered M. salmoides as a suitable fish species to
grow with aquaponics.

Tambaqui C. macropomum is considered a rustic species that grows best in slightly
acidic waters [43], as do most plants [24], which results in two essential factors for integrated
agriculture. Despite this, no improvements were observed in the growth performance of
the fish in the present study. Similar results to those presented here were described by Silva
et al. [44] integrating the tambaqui cultivation with lettuce Lactuca sativa production; by
Da Costa et al. [45] integrating the tambaqui with coriander Coriandrum sativum seedlings
production; by Aratjo et al. [46] integrating the tambaqui with Italy tomato Solanun ly-
copersicum production, and by Sterzelecki et al. [15] integrating the tambaqui with agai
seedlings production, demonstrating a pronounced potential of the species for production
in aquaponic systems.

In the present study, the use of a low-cost medium in aquaponics proved to be ef-
fective in reusing fish waste (excreta and feed remains) generated in the system. The
biotransformation of waste into nutrients in the aquatic environment allowed the growth
of hydroponic plants and nitrifying bacteria which, through their metabolic pathways,
ensured that the water was purified and reused for fish growing, preventing the discharge
of this waste into the environment.

5. Conclusions

Under the conditions proposed in the present study, the agai seed biofilter maintained
the water quality variables within the range tolerated by tambaqui, regardless of the
flooding levels used. For better production of late seedlings of agai E. oleraceae in aquaponic
system with tambaqui C. macropomum, a flooding level of 5 cm is recommended, where the
best results of plant performance were observed, without negatively affecting water quality
and fish growth. Obtaining late seedlings of agai in an aquaponic system proved to be
efficient and easy to handle, allowing sowing and production of vegetable seedlings in the
same place. We recommend further studies to verify the economic feasibility of producing
acai seedlings in aquaponics.

Author Contributions: Experimental execution, methodology, investigation, data curation, and
writing—original draft, E.T.d.S.N.; experimental execution and investigation, R.EP]J., V.5.d.R. and
B.d.J.EG.; writing—review and editing, M.5.0.; funding acquisition, conceptualization, and method-
ology, RK.L.,, NNEA.C.d.M. and M.d.L.S.S; funding acquisition, conceptualization, methodology,
validation, and supervision, G.D.A.P,; funding acquisition, conceptualization, methodology, valida-
tion, supervision, and writing—review and editing, F.C.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Coordenagao de Aperfeicoamento de Pessoal de Nivel
Superior—CAPES for partially funding this research grant number [001], by the PROCAD Amazoénia
grant number [21/2018], and the APC was funded by Ronald Kennedy Luz (CNPq n°. 308547 /20187).

Institutional Review Board Statement: This study was approved by the Ethics Committee on
Animal Use of the Federal Rural University of Amazonia protocol number n° 1457260820.

Data Availability Statement: Data will be made available on request.

Acknowledgments: The authors would like to thank the Coordenagao de Aperfeicoamento de Pessoal
de Nivel Superior—CAPES for partially funding this research, the PROCAD Amazoénia for financial sup-
port to Nuno F. A. Correia de Melo, 40221741291, public notice n® 21,/2018, project n° 88887.200588,/2018-
00, and thank the Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico—CNPq Brasil
(Project n® 402952/ 2021-9) for financial support to Ronald Kennedy Luz (CNPq n°. 308547 /20187).

Conflicts of Interest: The authors declare that they have no known competing financial interest in
this manuscript.



Agriculture 2023, 13, 1581 10 of 11

References

1. Yep, B,; Zheng, Y. Aquaponic trends and challenges—A review. J. Clean. Prod. 2019, 228, 1586-1599. [CrossRef]

2. Rakocy, ]J.E. Aquaponics-Integrating Fish and Plant Culture; Wiley-Blackwell: Oxford, UK, 2012; pp. 344-386. [CrossRef]

3. Love, D.C; Fry, ].P; Genello, L.; Hill, E.S.; Frederick, J.A.; Li, X.; Semmens, K. An international survey of aquaponics practitioners.
PLoS ONE 2014, 9, €102662. [CrossRef] [PubMed]

4. Liang, ].Y,; Chien, Y.H. Effects of feeding frequency and photoperiod on water quality and crop production in a tilapia—water
spinach raft aquaponics system. Int. Biodeterior. Biodegrad. 2013, 85, 693-700. [CrossRef]

5. Delaide, B.; Delhaye, G.; Dermience, M.; Gott, J.; Soyeurt, H.; Jijakli, M.H. Plant and fish production performance, nutrient mass
balances, energy and water use of the PAFF Box, a small-scale aquaponic system. Aquac. Eng. 2017, 78, 130-139. [CrossRef]

6.  Buzby, K.M,; Lin, L.S. Scaling aquaponic systems: Balancing plant uptake with fish output. Aquac. Eng. 2014, 63, 39-44. [CrossRef]

7. Roy, K Kajgrova, L.; Mraz, J. TILAFeed: A bio-based inventory for circular nutrients management and achieving bioeconomy in
future aquaponics. New Biotechnol. 2022, 70, 9-18. [CrossRef] [PubMed]

8. Azad, K.N,; Salam, M.A.; Azad, K.N. Aquaponics in Bangladesh: Current status and future prospects. J. Biosci. Agric. Res. 2016, 7,
669-677. [CrossRef]

9.  Krastanova, M.; Sirakov, I.; Ivanova-Kirilova, S.; Yarkov, D.; Orozova, P. Aquaponic systems: Biological and technological
parameters. Biotechnol. Biotechnol. Equip. 2022, 36, 305-316. [CrossRef]

10. Bandi, A.C,; Cristea, V.; Dediu, L.; Petrea, S.M.; Cretu, M.; Rahoveanu, A.T.; Mocuta, D.N.; Soare, I. The review of existing
and in-progress technologies of the different subsystems required for the structural and functional elements of the model of
multi-purpose aquaponic production system. Rom. Biotechnol. Lett. 2016, 21, 11621.

11.  Palm, HW.,; Knaus, U.; Appelbaum, S.; Goddek, S.; Strauch, S.M.; Vermeulen, T.; Jijakli, M.H.; Kotzen, B. Towards commercial
aquaponics: A review of systems, designs, scales and nomenclature. Aquac. Int. 2018, 26, 813-842. [CrossRef]

12.  Baganz, G.F; Junge, R.; Portella, M.C.; Goddek, S.; Keesman, K.J.; Baganz, D.; Staaks, G.; Shaw, C.; Lohrberg, F.; Kloas, W. The
aquaponic principle—It is all about coupling. Rev. Aquac. 2022, 14, 252-264. [CrossRef]

13. Adeleke, B.; Cassim, S.; Taylor, S. Pathways to low-cost aquaponic systems for sustainable livelihoods and economic development
in poor communities: Defining critical success factors. Aquac. Int. 2022, 30, 1575-1591. [CrossRef]

14. DPetrea, S.M.; Simionov, L.A.; Antache, A.; Nica, A.; Oprica, L.; Miron, A.; Zamfir, C.G.; Neculitd, M.; Dima, M.E; Cristea, D.S.
An Analytical Framework on Utilizing Various Integrated Multi-Trophic Scenarios for Basil Production. Plants 2023, 12, 540.
[CrossRef] [PubMed]

15. Sterzelecki, FEC.; de Jesus, A.M.; Jorge JL, C.; Tavares, C.M.; de Souza AJ, N.; Santos MD, L.S.; Takata, R.; Melo NF AC, D.; Palheta
GD, A. Agai palm, Euterpe oleracea, seed for aquaponic media and seedling production. Aquac. Eng. 2022, 98, 102270. [CrossRef]

16. IBGE—Brazilian Institute of Geography and Statistics. PVS—2021—Plant Extraction and Forestry Production; IBGE: Rio de Janeiro,
Brazil, 2023.

17. CONAB—National Supply Company. Monthly Analysis: Acai. December 2020. Available online: https://www.conab.gov.br/
info-agro/analises-do-mercado-agropecuario-e-extrativista/analisesdo-mercado/histérico-mensal-de-agaf (accessed on 30 May
2023).

18.  Erlacher, W.A.; de Oliveira, FL.; da Silva, D.M.N.; Quaresma, M.A.L.; Mendes, T.P. Estratégias de uso de carogo de agai para
formulacao de substratos na produgao de mudas de hortalicas. Magistra 2016, 28, 119-130.

19. Almeida, A.V.; Melo, .LM.; Pinheiro, 1.S.; Freitas, J.F.; Melo, A.C.S. Revalorizag¢ao do caro¢o de acai em uma beneficiadora de
polpas do municipio de Ananindeua/PA: Proposta de estruturacao de um canal reverso orientado pela PNRS e logistica reversa.
Rev. Gestdo Da Produgdo Operagdes E Sist. 2017, 12, 59. [CrossRef]

20. Gama, M.D; Ribeiro, G.D.; Fernandes CD, E; De Medeiros, LM. A¢ai (Euterpe spp.): Caracteristicas, Formagdo de Mudas e Plantio para
a Produgdo de Frutos; Circular Técnica, Embrapa: PortoVelho, Brazil, 2005; pp. 1-6.

21. Carvalho, J.E.U.D.; Nascimento, W. Technological innovations in the propagation of Acai palm and Bacuri. Rev. Bras. Frutic. 2018,
40, e-679. [CrossRef]

22.  American Public Health Association (APHA); Water Pollution Control Federation. Standard Methods for the Examination of Water
and Waste Water, 16th ed.; American Water Works Association (AWWA): Washington, DC, USA, 1995; p. 1268.

23. Bolleter, W.T.; Bushman, C.J.; Tidwell, PW. Spectrophotometric determination of ammonia as indophenol. Anal. Chem. 1961, 33,
592-594. [CrossRef]

24. Goddek, S.; Joyce, A.; Kotzen, B.; Burnell, G.M. Aquaponics Food Production Systems: Combined Aquaculture and Hydroponic
Production Technologies for the Future; Springer Nature: Cham, Switzerland, 2019; p. 619. [CrossRef]

25. Hamdy, A. Water Use Efficiency in Irrigated Agriculture: An Analytical Review. Water Use Efficiency and Water Productivity:
WASAMED Project. 2007, pp. 9-19. Available online: http://om.ciheam.org/article.php?IDPDF=800773 (accessed on 30 May
2023).

26. Rahman, M.M.; Nagelkerke, L.A.; Verdegem, M.C.; Wahab, M.A.; Verreth, ].A. Relationships among water quality, food resources,
fish diet and fish growth in polyculture ponds: A multivariate approach. Aquaculture 2008, 275, 108-115. [CrossRef]

27. Endut, A; Jusoh, A.; Ali, N.; Wan Nik WN, S.; Hassan, A. Effect of flow rate on water quality parameters and plant growth of
water spinach (Ipomoea aquatica) in an aquaponic recirculating system. Desalination Water Treat. 2009, 5, 19-28. [CrossRef]

28. Graber, A.; Junge, R. Aquaponic Systems: Nutrient recycling from fish wastewater by vegetable production. Desalination 2009,

246, 147-156. [CrossRef]


https://doi.org/10.1016/j.jclepro.2019.04.290
https://doi.org/10.1002/9781118250105.ch14
https://doi.org/10.1371/journal.pone.0102662
https://www.ncbi.nlm.nih.gov/pubmed/25029125
https://doi.org/10.1016/j.ibiod.2013.03.029
https://doi.org/10.1016/j.aquaeng.2017.06.002
https://doi.org/10.1016/j.aquaeng.2014.09.002
https://doi.org/10.1016/j.nbt.2022.04.002
https://www.ncbi.nlm.nih.gov/pubmed/35395431
https://doi.org/10.18801/jbar.070216.79
https://doi.org/10.1080/13102818.2022.2074892
https://doi.org/10.1007/s10499-018-0249-z
https://doi.org/10.1111/raq.12596
https://doi.org/10.1007/s10499-022-00865-z
https://doi.org/10.3390/plants12030540
https://www.ncbi.nlm.nih.gov/pubmed/36771624
https://doi.org/10.1016/j.aquaeng.2022.102270
https://www.conab.gov.br/info-agro/analises-do-mercado-agropecuario-e-extrativista/analisesdo-mercado/hist�rico-mensal-de-a�a�
https://www.conab.gov.br/info-agro/analises-do-mercado-agropecuario-e-extrativista/analisesdo-mercado/hist�rico-mensal-de-a�a�
https://doi.org/10.15675/gepros.v12i3.1668
https://doi.org/10.1590/0100-29452018679
https://doi.org/10.1021/ac60172a034
https://doi.org/10.1007/978-3-030-15943-6
http://om.ciheam.org/article.php?IDPDF=800773
https://doi.org/10.1016/j.aquaculture.2008.01.027
https://doi.org/10.5004/dwt.2009.559
https://doi.org/10.1016/j.desal.2008.03.048

Agriculture 2023, 13, 1581 11 of 11

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Zhang, H.; Gao, Y.; Shi, H.; Lee, C.T.; Hashim, H.; Zhang, Z.; Wu, WM.; Li, C. Recovery of nutrients from fish sludge in an
aquaponic system using biological aerated filters with ceramsite plus lignocellulosic material media. J. Clean. Prod. 2020, 258,
120886. [CrossRef]

Resh, H.M. Cultivos Hidropdnicos: Nuevas Técnicas de Produccion; Mundi-Prensa: Madrid, Spain, 2001.

Noborio, K. Measurement of soil water content and electrical conductivity by time domain reflectometry: A review. Comput.
Electron. Agric. 2001, 31, 213-237. [CrossRef]

Ivanova, M.B.; Kazantseva, T.I. Effect of water pH and total dissolved solids on the species diversity of pelagic zooplankton in
lakes: A statistical analysis. Russ. J. Ecol. 2006, 37, 264-270. [CrossRef]

Brix, H. Do macrophytes play a role in constructed treatment wetlands? Water Sci. Technol. 1997, 35, 11-17. [CrossRef]
Abeysinghe, D.H.; Shanableh, A.; Rigden, B. Biofilters for water reuse in aquaculture. Water Sci. Technol. 1996, 34, 253-260.
[CrossRef]

Owatari, M.S.; Jesus GF, A.; de Melo Filho ME, S.; Lapa, K.R.; Martins, M.L.; Mourifio, ].L.P. Synthetic fibre as biological support
in freshwater recirculating aquaculture systems (RAS). Aquac. Eng. 2018, 82, 56—62. [CrossRef]

Kuhn, D.D.; Drahos, D.D.; Marsh, L.; Flick, G.J., Jr. Evaluation of nitrifying bacteria product to improve nitrification efficacy in
recirculating aquaculture systems. Aquac. Eng. 2010, 43, 78-82. [CrossRef]

Kasozi, N.; Abraham, B.; Kaiser, H.; Wilhelmi, B. The complex microbiome in aquaponics: Significance of the bacterial ecosystem.
Ann. Microbiol. 2021, 71, 1. [CrossRef]

Nogueira, RJ.M.C.; Moraes, J.A.P.V.; Burity, H.A.; Bezerra Neto, E. Altera¢oes na resisténcia a difusao de vapor das folhas e
relagOes hidricas em aceroleiras submetidas a déficit de dgua. Rev. Bras. Fisiol. Veg. 2001, 13, 75-87. [CrossRef]

Ito, O.; Ella, E.; Kawano, N. Physiological basis of submergence tolerance in rainfed lowland rice ecosystem. Field Crops Res. 1999,
64, 75-90. [CrossRef]

Silvestre, W.V.D.; Silva, P.A.; Palheta, L.F.; de Oliveira Neto, C.F.; de Melo Souza, R.O.R.; Festucci-Buselli, R.A.; Pinheiro, H.A.
Differential tolerance to water deficit in two agai (Euterpe oleracea Mart.) plant materials. Acta Physiol. Plant. 2017, 39, 4. [CrossRef]
Medina, M.; Jayachandran, K.; Bhat, M.G.; Deoraj, A. Assessing plant growth, water quality and economic effects from application
of a plant-based aquafeed in a recirculating aquaponic system. Aquac. Int. 2016, 24, 415-427. [CrossRef]

Fischer, H.; Romano, N.; Jones, J.; Howe, J.; Renukdas, N.; Sinha, A.K. Comparing water quality /bacterial composition and
productivity of largemouth bass Micropterus salmoides juveniles in a recirculating aquaculture system versus aquaponics as well
as plant growth/mineral composition with or without media. Aquaculture 2021, 538, 736554. [CrossRef]

Aride PH, R.; Roubach, R.; Val, A.L. Tolerance response of tambaqui Colossoma macropomum (Cuvier) to water pH. Aquac. Res.
2007, 38, 588-594. [CrossRef]

Silva, T.B.E.; dos Santos Silva, R.R.; do Nascimento Pinto, F.E.; da Silva-Matos, R.R.S.; Cordeiro, K.V.; Pereira, A.M.; Freitas,
J.R.B.; Lopes, ]. M. Creation of tambaqui associated to hydropony in a water recycling system. Res. Soc. Dev. 2020, 9, €543997543.
[CrossRef]

Da Costa, J.A.S.; Sterzelecki, F.C.; Natividade, J.; Souza, R.].E.; de Carvalho, T.C.C.; de Melo, N.E.A.C.; Palheta, G.D.A. Residue
from Acai Palm, Euterpe oleracea, as Substrate for Cilantro, Coriandrum sativum, Seedling Production in an Aquaponic System with
Tambaqui, Colossoma macropomum. Agriculture 2022, 12, 1555. [CrossRef]

Aratjo, E.D.S.; Melo, N.A.D.; Lima, E.S.D.; Diniz, C.G. Construction of an aquaponics system for the consortium production of
tomato (Solanum lycopersicum) and tambaqui (Colossoma macropomumy). Cadernos Agroecol. 2018, 13, 1-6.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jclepro.2020.120886
https://doi.org/10.1016/S0168-1699(00)00184-8
https://doi.org/10.1134/S1067413606040084
https://doi.org/10.2166/wst.1997.0154
https://doi.org/10.2166/wst.1996.0287
https://doi.org/10.1016/j.aquaeng.2018.06.001
https://doi.org/10.1016/j.aquaeng.2010.07.001
https://doi.org/10.1186/s13213-020-01613-5
https://doi.org/10.1590/S0103-31312001000100009
https://doi.org/10.1016/S0378-4290(99)00052-0
https://doi.org/10.1007/s11738-016-2301-9
https://doi.org/10.1007/s10499-015-9934-3
https://doi.org/10.1016/j.aquaculture.2021.736554
https://doi.org/10.1111/j.1365-2109.2007.01693.x
https://doi.org/10.33448/rsd-v9i9.7543
https://doi.org/10.3390/agriculture12101555

	Introduction 
	Material and Methods 
	Experimental Design 
	Water Analysis 
	Fish Growth Performance 
	Plant Growth Performance 
	Statistical Analysis 

	Results 
	Water Quality 
	Plant Growth Performance 
	Fish Growth Performance 

	Discussion 
	Conclusions 
	References

