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Tropical aquaponic production of lemon balm, Melissa
officinalis, using different Astyanax bimaculatus fingerling
stocking densities

Producdo aquapdnica tropical de erva cidreira, Melissa officinalis,
utilizando diferentes densidades de estocagem de Astyanax bimaculatus

Bernardo Ramos Simdes Corréa'”, Rodrigo Diana Navarro'

'Universidade de Brasilia, Brasilia, DF, Brasil

ABSTRACT

The relationship between the constituent organisms of aquaponics - fish, plants, and microorganisms
- needs to be in biological harmony to favor the maximum performance of the species. Lemon balm
(Melissa officinalis), a food and medicinal plant, as well as Astyanax bimaculatus, are species that can add
value to the final products of aquaponics. The present experiment tested five treatments with different
stocking densities of A. bimaculatus fingerlings (0.0, 0.1, 0.2, 0.3, and 0.4 fish L-1; T1, T2, T3, T4, and T5,
respectively) in association with lemon balm at a density of 24 plants m-2 in media bed aquaponic
systems installed in a greenhouse. The experimental design was completely randomized with three
replications for each treatment, totaling 15 aquaponic systems analyzed. The results showed that for
fish growth, T2 presented the best performance results, followed by T3 and T4, and finally T5; while
for plants it was T3, followed by T4 and T5 which did not show differences between them, followed by
T2, and finally T1. In all treatments, animal and plant growth were observed. The studied aquaponic
systems demonstrated their viability for the production of the species, presenting satisfactory results,
which can be interesting for further studies and producers.

Keywords: Water recirculation; Nutrient recycling; Medicinal plants

RESUMO

A relacdo entre organismos constituintes da aquaponia, peixes, plantas e microrganismos precisam
estar em harmonia biolégica para favorecer o maximo desempenho das espécies. A erva-cidreira
(Melissa officinalis), planta alimenticia e medicinal, e Astyanax bimaculatus sdo espécies que podem
agregar valor aos produtos finais aquapdnicos. O presente experimento testou cinco tratamentos
diferindo por densidades de estocagem de alevinos de A. bimaculatus (0,0, 0,1, 0,2, 0,3 e 0,4 peixe L-1;
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T1, T2, T3, T4 e T5, respectivamente) em associa¢cdo com erva-cidreira, na densidade de 24 plantas
m-2, em sistemas aquapobnicos de substrato instalados em casa de vegetacdo. O delineamento
experimental foi inteiramente casualizado com trés repeticdes para cada tratamento, totalizando 15
sistemas aquaponicos analisados. Os resultados demonstraram que, para o crescimento dos peixes,
o T2 foi o que apresentou os melhores resultados de desempenho, seguido do T3 e T4, e por ultimo o
T5, enquanto para as plantas foi o T3, seguido do T4 e T5, que ndo apresentaram diferencas entre si,
seguido por T2 e T1, por ultimo. Em todos os tratamentos, observou-se crescimento animal e vegetal.
Os sistemas aquapdnicos estudados demonstraram sua viabilidade para a producdo da espécie
apresentando resultados satisfatérios, o que pode ser interessante para futuros estudos e produtores.

Palavras-chave: Recirculacdo de agua; Reciclagem de nutrients; Plantas medicinais

1 INTRODUCTION

One of the main water-related challenges that needs to be addressed is
the production of more food while using less water. As agriculture faces complex
challenges to satisfy an estimated population of nine billion by 2050, the Food
and Agriculture Organization (FAO) estimates that global food production must
increase by 70% to meet this demand (FAO 2017). Therefore, studies focusing on
more efficient, equitable, and ecological use of water in agriculture are necessary,
and this escalating requirement poses significant challenges to conventional
agricultural practices, particularly regarding water scarcity and sustainable resource
management (FAO 2020). Agriculture currently accounts for approximately 70% of
global freshwater use, a figure that is unsustainable in many regions facing severe
water shortages, and with nearly 2 billion people already living in areas of high
water stress, the need for innovative, sustainable solutions to food production has
never been more urgent (UNESCO 2021).

In this context, aquaponics has emerged as a promising solution that integrates
aquaculture and hydroponics into a single, sustainable food production system.
Aquaponics systems utilize the symbiotic relationships between fish and plants, where
the waste produced by fish provides essential nutrients for plant growth, while plants

help filter and purify the water for the fish (Rakocy et al. 2006). This closed-loop system
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significantly reduces water consumption—estimates suggest it can achieve remarkable
water use efficiency, up to 90% (Ibrahim et al. 2023). The technology thus addresses
two critical challenges: the need for increased food production and the sustainable
management of freshwater resources.

Aquaponic systems are a branch of recirculating aquaculture technology in
which plant crops are included either to diversify the production of a business, provide
extra water filtration capacity, or a combination of the two (Espinal & Matuli¢, 2019). In
aquaponic systems, nutrient uptake should be maximized for healthy plant biomass
production without neglecting the best welfare conditions for fish in terms of water
quality (Yildiz et al. 2017).

Moreover, aquaponics has the potential to contribute to food security in urban
areas, where land availability is limited, and transportation costs can exacerbate food
prices. Also, food can be grown indoors in a fully controlled environment, making it
more resilient to climate change (Channa et al. 2024). However, despite its potential,
aquaponics is not without challenges. High initial setup costs and the need for technical
expertise can deter widespread adoption, particularly in developing countries.
Additionally, aquaponics is a complex ecosystem with many critical parameters that
must be closely monitored and maintained, such as dissolved oxygen (DO), ammonia,
pH, temperature, and exposure to sunlight (Channa et al. 2024).

Understanding the cost-effectiveness of aquaponic systems compared to
traditional agricultural practices is vital for promoting wider adoption. Studies have
shown that despite aquaponics systems generally having higher start-up costs
currently, its potential to be economically viable when undertaken with local materials
is very high (Obirikorang et al. 2021). With aquaponics primary selling point of being a
sustainable system, developing commercial systems which are truly sustainable is of
utmost value (Yep & Zheng 2019).

Over the past decades, research in ornamental species has indicated exponential

growth, especially within the aquaculture industry, and it is expected that the value of
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ornamental trade will increase significantly in the next few years (Peh & Azra 2025).
Similarly, nowadays, roughly 80% of the world’s population gets their healthcare mostly
from plants and plant extracts, and according to a World Health Organization (WHO)
forecast, the worldwide herbal industry would reach $5 trillion by the year 2050 (Parvin
et al. 2023). Incorporating medicinal plants such as basil, mint, and echinacea into
aquaponic systems allows producers to tap into this lucrative market while promoting
biodiversity and ecological sustainability.

The production of ornamental and food fish has become an important avenue
for income Generation in rural areas. According to the Brazilian Institute of Geography
and Statistics (IBGE), the aquaculture sector in Brazil has experienced robust growth,
with ornamental fish sales contributing substantially to this trend (IBGE 2021).
Among various species, the lambari (Astyanax sp.) has gained popularity due to its
low production costs and adaptability to diverse aquaculture systems. Fish from the
genus Astyanax can be raised by small rural or urban producers in family production
systems (Lopes et al. 2013) and can be used as snacks for human consumption or as
forage fish in aquarium stores and public aquariums for environmental enrichment
and to feed larger carnivorous species (Silva et al. 2011). Other advantages of Astyanax
sp. production include standardization of size, greater traceability, and regularity in
supply (Goncalves et al. 2017).

Lemon balm (Melissa officinalis L.) is one of the medicinal and aromatic plants
most important and with potential in the market, and the species is part of the species
list medicinal products regulated by the National Health Surveillance Agency of Brazil,
and its oil essential has proven pharmacological properties in several countries.
The high market value of the herb provides small-scale farmers with the potential
for significant profit margins, especially when leveraging organic and sustainable
production methods (Alves 2017).

Lemon balm is a perennial aromatic herb that has a lemon-like aroma and

belongs to the Laminaceae family (Khalid et al. 2008), been one of the most valuable
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medicinal plants in herbal medicine (Sabry et al. 2023). This herb is traditionally
used as medicine for relieving neurogenic disorders, insomnia, and stress due to its
spasmolytic and sedative properties (Kennedy et al. 2002). In addition, the antibacterial
and antioxidative effects of its essential oil are well documented (de Assis et al. 2020;
Patora & Klimek 2002; Venskutonis et al. 2005). Lemon balm is widely used as a
resource for fragrances, phytomedicine, and teas (Carnat et al. 1998) and therefore
attracts continued interest for its mass production (Son et al. 2021).

It grows well in full sun, but it also grows in partial shade (Sorensen 2000). When
the plants grow in semi-shade, they produced larger leaves and habitat than those
grown in sunny condition. Lemon balm can rapidly grow at temperature range 15
to 35°C and requires 500 to 600 mm precipitation well distributed throughout the
growing season, otherwise it should be irrigated (Moradkhani et al. 2010). Vegetative
propagation is one of the most used ways to produce seedlings and can be carried out
using different techniques, including cuttings, grafting and layering (Hartmann et al.
2018). Smallholders can benefit from low-cost propagation methods and this method
helps to maintain the quality of the plant, as it has the advantage of preserving the
characteristics of the mother plant and, as it is a relatively simple technique, it is the
most economically viable, as, from a mother plant, one can obtain a significant amount
of seedlings (Masiero et al. 2021).

Since there is a range of plant species that can be cultivated in aquaponics, the
choice of species that adds final value to the aquaponic product must be highlighted.
Considering that leafy plants, such as some aromatic herbs, are less demanding in
nutrients and stand out in aquaponic systems, the present study was conducted
to assess the growth performance and optimize the stocking density of Astyanax
bimaculatus (Linnaeus, 1758) fingerlings in lemon balm (Melissa officinalis) media bed

tropical aquaponic systems production.
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2 MATERIAL AND METHODS

The experiment was carried out between August 24th and October 14th,
2020, totaling 51 days of cultivation, in 15 identical aquaponic systems installed in a
greenhouse at the Sustainable Aquaculture Center at Agua Limpa Farm (FAL), from the
University of Brasilia - UnB, Brazil. The study was approved by the institutional ethics
committee of the University of Brasilia (CEUA/UnB protocol code 115/2019 of August
20th, 2020) for studies involving animals. The aquaponic systems rely on an ebb-and-
flow water pattern with one loop. The experimental design, completely randomized,
consisted of five treatments (one of them being the control) with three repetitions,
differentiated by fish stocking densities, totaling fifteen aquaponic units.

The aquaponic units are made up of 310L volume polypropylene water tanks for
fish production, filled to 300L, and 0.25 m2 polypropylene planters filled with expanded
clay, in addition to a water pump (Grupo Sario®, Sariobetter SB1000C, Brazil) that
transports water from the fish pond to the vegetable crop. Aeration was constant by an
air compressor (Group Boyu®, ACQ-003, Guangdong, China). The climate in the region
is tropical with a dry season, type Aw in the Képpen-Geiger climate classification, with
monthly average temperatures always above 18° C and annual rainfall around 1,540

millimeters, concentrated between October and April.
2.1 Fish Treatments

Astyanax bimaculatus fingerlings were stocked at five different densities: 0.0
fish L-1 (T1-Control), 0.1 fish L-1 (T2); 0.2 fish L-1 (T3); 0.3 fish L-1 (T4); and 0.4 fish
L-1 (000, 100, 200, 300 and 400 fish m-3, respectively). The fingerlings were acquired
from a reputable supplier. For animal growth analysis, initial and final biometrics
were performed considering parameters of weight (g) and total length (cm) using a
precision electronic digital scale (SF-400, manufactured in China) and pachymeter.

Biweekly biometrics were performed to determine the mean fish weight for each
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treatment in order to correct the feed offer fixed at 4% of gross biomass weight.
Growth indexes were also calculated to observe animal performance including specific
growth rate (% d-1), protein efficiency ratio (PER), and feed conversion ratio (FCR). Fish
were anesthetized with eugenol solution and euthanized according to recommended

techniques (Fernandes et al. 2017; Viegas et al. 2020).
2.2 Plant analysis

The chosen plant species for the experiment was lemon balm, Melissa officinalis,
which is widely known for its medicinal and food uses. The seedlings were acquired
by planting the species in soil and pricking them for installation in planters in the
aquaponic system. For plant growth, the parameters of weight (g), height (cm), and
number of leaves (nos. plant-') were evaluated using a precision electronic digital
scale (B-max® - SF-400, China), pachymeter, and manual counting, respectively.
Plants were installed at a density of 24 plants m-2 and, as we used planters of 0.25
m?, there were 6 plants for each aquaponic unit. At the end of the experiment, lemon
balm plants and fish were dried at 60 °C for 3 days in a drying oven and analyses
of total nitrogen of plant parts and fish were performed using the Kjeldahl (1883)

method with adaptations (Galvani & Gaertner, 2006).
2.3 Water analysis

In terms of water quality, the parameters of temperature (°C), pH, and dissolved
oxygen concentration (mg/L) were measured weekly using specific probes for this
purpose (Hanna® - HI 9813-6, Italy; Alfakit® - AT - 160, Brazil, respectively). At the
end of the experiment, ion analyses were performed to determine the cations sodium
- Na+ (mg/L-"), potassium - K+ (mg/L-'), ammonium - NH4+ (mg/L-"), calcium - Ca2+
(mg/L-"), and magnesium - Mg2+ (mg/L-"), as well as the anions fluoride - F- (mg/L-

"), chloride - Cl- (mg/L-"), nitrite - NO2- (mg/L-"), nitrate - NO3- (mg/L-"), phosphate -
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PO43- (mg/L-"), and sulfate - SO42- (mg/L-") in treatment water samples using an lon
Chromatograph, model 761 Compact IC, Methrohm (Herissau, Switzerland). For cation
analyses, a Metrosep C2 ion exchange solution was used with a buffer solution of
4.0 mM Tartaric Acid and 0.75 mM Dipicolinic Acid (2.6-pyridinedicarboxylic acid) as
eluent. For anion analyses, Metrosep Asup5 was used with a buffer solution of 3.2
mM sodium carbonate and 1.0 mM sodium hydrogen carbonate and a suppressor
solution of 100 mM sulfuric acid was used in the ion suppression branch parallel to
ultrapure water with a pre-set gradient of 50% (water/acid).

Comparative statistical analyses of biometric performances of animals and
plants and water quality between treatments were performed using MaxStat® Lite
version 3.60 and Statistica version 10 (Statsoft®). Analyses were carried out by one-
way ANOVA test, Tukey test, and Dunn'’s test with significance fixed at 5%. Graphs

were created by factorial ANOVA analyses.

3 RESULTS

3.1 Fish

The effect of different fish densities on fish growth (length and weight)
was observed. Fish growth in terms of body weight (g), length (cm), weight gain
(%), and length gain (%) of A. bimaculatus varied significantly (p<0.05) between

treatments (Table 1).

Table 1 - Growth parameters of Astyanax bimaculatus fingerlings reared in media bed

aquaponic system after a period of 51 days (MeantSD) (To be continued)

Parameters T2 T3 T4 T5
Initial weight (g) 1.60 + 0.062 1.67 + 0.062 1.55 + 0.152 1.73 + 0.092
Final weight (g) 586 + 1.48 462 + 0.302> 3.82 + 0.172 2.80 + 0.36P
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Table 1 - Growth parameters of Astyanax bimaculatus fingerlings reared in media bed

aquaponic system after a period of 51 days (Mean+SD) (Conclusion)

Parameters T2 T3 T4 T5
Weight gain (%) 266.25 176.64 146.45 61.84
Initial length (cm) 4.49 +0.292 411 +0.16° 3.94 +0.072 4,65 + 0.68°
Final length (cm) 7.13+0.45° 6.66+0.113®  6.34+0.14®  5.83 +0.15bc
Length gain (%) 58.79 62.04 60.91 25.37

Specific growth rate (%d-") (SGR) 7.89 + 2.82a 5.46 + 0.662P 4,19 £ 0.4923b 1.89 £ 0.60P

Protein efficiency ratio (PER) 1.90 £ 0.752 1.27 £0.192ab 1.06 £ 0.082b 0.49 +0.15k

*Values bearing same superscripts do not differ significantly (p>0.05) Source: Authorship (2023)

There were no initial differences in weight and length between treatments. For
final weight and final length, T2 showed better results and, despite being similar to
T3 and T4, was different from T5. For all fish performance parameters evaluated, T5
presented the lowest values and, even though fish growth was observed, this treatment
seems to compromise animal welfare, making it desirable to use lower fish stocking

densities (Fig 1). There was no mortality during the experiment.
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Figure 1 - Graphs of fish performances during the experiment: (a) fish weight means for
initial and final phase; (b) fish length means for initial and final; (c) fish weight means for
each treatment considering the initial and final measures; (d) fish length means for each
treatment considering the initial and final measures; (e) fish weight means for initial and

final phase for treatment; (f) fish length means for initial and final phase
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3.2 Plants

Lemon balm growth in terms of mean weight (g), weight gain (%), mean length
(cm), length gain (%) and mean leaves yield (nos. plant-') and leaves gain (%) showed

differences between treatments (Table 2).

Table 2 - Growth parameters of lemon balm plants reared in media bed aquaponic

system after a period of 51 days (MeanzSD)

Treatments
Parameters T T2 T3 T4 T5
Initial weight (g/plant-") 9.04 +2.81° 9.01 + 4.982 10.17 + 5.563 9.48 + 5.73° 8.17 + 4.95°

Final weight (g/plant-1)  17.21+10.423P  46.57+43.6530  128.12+116.20¢ 75.01+61.708PC 63,62+ 71.673PC

Weight gain (%) 90.37 416.87 1,159.78 691.24 678.7
Initial length (cm) 2336+8.642 2043+ 7.822 23.85+11.432  20.15+10.122 21.40 £ 9.432
Final length (cm) 34.02+13568 53674293530  70.87+37.49° 57294251930 5504+ 32233P
Length gain (%) 45.63 162.7 197.14 184.31 157.19

Initial leaves (n. plant-")
34.55 + 13.249 24.5+10.019 29.00 + 18.709 31.66 + 15.389 27.44 + 13.234
Final leaves (n. plant-') 7641+ 16.092 114.72+91.3730  261.05+254.50P 180.29 + 181.593P  177.00 + 205.6830

i 0,
Leaves gain (%) -23.56 368.24 800.17 469.45 545.04

*Values bearing same superscripts do not differ significantly (p>0.05) Source: Authors (2023)

For all treatments nourished by fish effluent, the percentage of gains in the
number of leaves was above 300%, with the best treatment, T3, being 800%. It should
be noted that leaves are the main product of lemon balm production, being used for
the manufacture of pharmaceuticals or for use in cooking. Also, the weight and length
values of lemon balm plants in all treatments showed growth between the initial and
final phases, with the highest values at T3 (Fig 2). Despite the control treatment, T1,
which has no fish, showing gains in weight and height, the plants of this treatment
demonstrated that they were not under good nutrition conditions, with yellow-colored

leaves and negative leaf gain (%), losing leaves at the end of the experiment.
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Figure 2 - Graphs of plant performances during the experiment: (g) plant weight
means for initial and final phase; (h) plant length means for initial and final phase; (i)
plant weight means for each treatment considering the initial and final measures; (j)
plant length means for each treatment considering the initial and final measures; (k)
plant weight means for initial and final phase for treatment; (I) plant length means for

initial andfinal phase for treatment
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3.3 Water

In the present study, the mean variation in average values of water temperature
(°C), pH, dissolved oxygen (mg/L-"), sodium (mg/L-'), ammonium (mg/L-"), potassium
(mg/L-"), calcium (mg/L-'), magnesium (mg/L-"), fluoride (mg/L-"), chloride (mg/L-"),
nitrite (mg/L-"), nitrate (mg/L-"), phosphate (mg/L-"), and sulfate (mg/L-') were observed

during the experimental period, as shown in Table 3 and Figure 3.

Table 3 - Water quality parameters recorded during the experiment (Mean+SD)

Parameters Treatments

T1 T2 T3 T4 T5
Temperature (°C) 2456+2.672 2478+2.618  2484+2633  2420+2.512 24.21 +2.532
pH 6.1£0392  595+04530 6,06 +0.462 5.79+0.33P 5.92+0.333P
DO (mg/L-") 10.73+3.472  9.91+3.062  10.10+2.912 9.65 + 2.872 9.91 + 3.042
Sodium (mg/L-1) 547+3.882 2511:47.928 40.16+64.182 111.64 £199.742 54.76 + 87.182
Ammonium (mg/L-")  0.12+0.142  097+0.74PC  037:0313b  055+0423PC  376+3.51C
Potassium (mg/L-1)  0.47+0.502  0.51+0353P  1.04+0.37PC 1.47 + 0.610¢ 1.55+1.27€
Calcium (mg/L-") 313+1542 427+15830 57641520 6.74+1.71P 6.89 + 2.24P
Magnesium (mg/L-1)  0.25+0.202  0.27+0.1330 045+ 0.14P 0.62 +0.24P 0.64 +0.36P
Fluoride (mg/L-") 0.07 £ 0.044 0.04 +£0.014 0.04+0.014 0.06 + 0.059 0.05+0.034
Chloride (mg/L-") 10.04+7.742 38.44+71.502 60.80+96.01% 168.07 +299.242 83.37 + 130.072
Nitrite (mg/L-") - - 0.29+0.334 0.57+0.374 2.37 + 3.689
Nitrate (mg/L-") 0.83+2.032  5.76+4.990 5.43 + 5.08P 3.13+3.313b 1.63 + 2.552P
Phosphate (mg/L-")  2.06+4.4238  2.69+1.8030  5554+3.74b 10.37 + 7.07P 8.82+591b
Sulfate (mg/L-") 0.58+1.238 1.33+0998P  24311.17b 3.86+2.44P 3.11+1.71P

*Values bearing same superscripts do not differ significantly (p>0.05) Source: Authors (2023)

Ci. e Nat., Santa Maria, v. 47, e74160, 2025



14 | Tropical aquaponic production of lemon balm, Melissa officinalis...

Figure 3 - Chemicals parameters by treatment
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3.4 Total Nitrogen

Total nitrogen analyses were performed for plants (leaves and stalks) and fish
to determine if there were any differences between treatments. Differences were
observed in the nitrogen content of plant parts and between treatments, but no

significant differences were observed for the fish (Fig 4).
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Figure 4 - Total nitrogen (g/Kg) of plant parts and fishes: (m) graph of the nitrogen
content in leaves and stalk; (n) graph of the nitrogen content in the leaf, stalk and fish

for treatment
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4 DISCUSSION

At the end of the experimental duration, the highest fish growth was observed
in the lowest density compared to other treatment groups. The mean body weight
(g), length (cm), weight gain (%), and length gain (%) of A. bimaculatus fingerlings
were found to be significantly (p<0.05) higher in T2, followed by T3 and T4, with no
differences between them, and T5 as the lowest one. The specific growth rate (% d-1)
followed a similar trend as for growth parameters, showing the highest values in T2,
followed by T3 and T4, and the lowest values in T5. The specific growth rate (% d-1) in
T2 was significantly (p<0.05) higher than T3, T4, and T5, as was the protein efficiency
ratio (PER). For feed conversion ratio (FCR), T2 also presented the highest values, while
T3 and T4 were different but similar to T2, with no difference between them, and T5
was different from all of the others, presenting the lowest values.

Regarding the protein efficiency ratio (PER) in our experiment, the values of 1.27

and 1.06, related to T3 and T4 respectively, were statistically similar to those reported
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by Hundley et al. (2018) and Patil et al. (2019), where the values fluctuated from 1.25 to
1.50 and from 1.50 to 1.56 respectively, corresponding to tilapia (Oreochromis niloticus)
growth (0.15, 0.25, and 0.5 fish L-1) for 45 days and goldfish (Carassius auratus) growth
(0.5, 0.6, and 0.7 fish L-1) for 36 days respectively. The value for PER of the lowest
density treatment, T2 was higher than that observed by the cited authors at 1.90, while
for the highest density treatment, T5, the value of 0.49 demonstrates that fish growth
was not efficient despite demonstrating growth.

For lemon balm performance, Manukyan and Schnitzler (2006) found that 25°C
was the best temperature for increasing lemon balm yield in the greenhouse (total
123.9 g/plant), and fresh weight varied among cultivars, with ranges between 134.0 g/
plant and 266.0 g/plant (Szab’o et al., 2016). The yield of lemon balm was also affected
by the growth substrate used, including wood fiber (77.1 g/plant) or sand (77.4 g/plant)
(Manukyan et al. 2004). Son et al. (2021), in an experiment testing different hydroponic
systems, found plant yields between 110.3-162.0 and 183.4-277.4 g/plant, similar to
those of non-hydroponic cultivated lemon balm plants grown in the same greenhouse
conditions. Even though lemon balm studies using aquaponics are incipient, in our
study, the besttreatment, T3, was 128.12 g/plant, similar to greenhouse and hydroponic
conditions (Son et al. 2021), while the two treatments with the highest densities of fish,
T4 and T5, demonstrated values of plant weight (g) similar to substrate conditions, at
75.01 and 63.62 respectively, and the treatment with the lowest density of fish, T2, also
showed the lowest results for plant weight (g) performance. All treatments showed
gains in weight and length.

The temperature and DO values showed no statistical differences between
treatments, while pH demonstrated differences between treatments throughout the
experiment. The control treatment, T1, and T3 were similar, above pH 6, while T2
and T5 were intermediate, and T4 was the lowest at 5.79. According to Somerville et
al. (2014), the pH level of water has an impact on the biological activity of nitrifying

bacteria and their ability to convert ammonia and nitrite, and the best way to ensure
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that plants do not suffer from deficiencies is to maintain optimum water pH (6-7), feed
fish a balanced and complete diet, and use the feed rate ratio to balance the amount
of fish feed to plants.

In general, the tolerance range for most plants is 5.5-7.5, and the lower range
is below tolerance for fish and bacteria; most plants prefer mildly acidic conditions
(Somerville et al. 2014). Even though some values of pH were below optimum values,
only T4 demonstrated a difference from the control treatment as being the lowest
one. Therefore, itis broadly argued that pH represents one of the largest water quality
compromises present in aquaponic science (Goddek et al. 2015; Suhl et al. 2016).
Maucieri et al. (2019) indicate that potassium, calcium, and magnesium are available
to plants in a wide range of pH; however, the presence of other ions may interfere
with their plant availability due to the formation of compounds with different grades
of solubility.

At the end of the experiment, the values of the chemical parameters, sodium,
fluoride, and chloride, showed no significant differences between treatments. For
potassium, calcium, magnesium, and sulfate, the results obtained from T1 were
significantly different from those of the other treatments, showing the lowest values.
For the first parameter, the mean value for T2 was similar to T1 but also similar to T3
and T4 and different from T5, as was T1. For the other parameters, the mean values
showed the same dynamic, being lower at T1, which is similar to T2 that is similar to T3,
T4, and T5, but all these last three are different from T1. Somerville et al. (2014) point
out that over time, even an aquaponic system that is perfectly balanced may become
deficient in certain nutrients, most often iron, potassium or calcium; however, in our
study both nutrients, potassium and calcium, demonstrated significant differences
between treatments and the control as written above. Sodium and chloride showed
high values which could be explained by the addition of sodium chloride - NaCl for

preventive treatment when biometric analyses were performed at intervals of 15 days.

Ci. e Nat., Santa Maria, v. 48, e33760, 2028



18 | Tropical aquaponic production of lemon balm, Melissa officinalis...

For fish growth, ammonia and nitrite are toxic but nitrate is comparatively
harmless; for growing higher plants, nitrate is the most preferred form of nitrogen
(Rakocy et al. 2006). Nitrate is the end product of nitrification and commonly the last
parameter to be controlled in recirculation systems due to its relatively low toxicity
(Davidson et al. 2014; Schroeder et al. 2011; van Rijn 2013). This is mostly attributed
to its low permeability at the fish gill membrane (Camargo & Alonso 2006). The most
commonly used nitrogen forms for plant fertilization are nitrate and ammonium; while
nitrates are quickly absorbed by roots, are highly mobile inside plants and can be stored
without toxic effects; ammonium can only be absorbed by plants in low quantities and
cannot be stored in high quantities because it exerts toxic effects (Maucieri et al. 2019).

The results for nitrogen compounds diluted in aquaponic solutions showed
significant differences between treatments. The control treatment, T1, presented the
lowest values for ammonium and nitrate and also presented a null value for nitrite as
did T2. For ammonium, all treatments showed differences with T3 being similar to T1
presenting the lowest values followed by T4, T2 and T5 respectively. The treatment
with the highest fish density, T5 showed a critical level of ammonium which is toxic
for fish. For nitrite only the three highest density treatments presented values for this
nutrient showing no significant differences between them.

The dynamic of the nitrate results showed T1 as the lowest one, while T4 and T5
were higher but similar to T1, and T2 and T3 presented the highest values, having no
difference between them but also having similarity to T4 and T5. Phosphorus is one of
the essential elements for plant growth and can be absorbed initsionicorthophosphate
form (Prabhu et al. 2007; Resh 2013). Little is known about the dynamics of phosphorus
in aquaponics (Eck et al. 2019). The solubility of phosphorus depends on pH, and a
higher pH will foster the precipitation of phosphorus, thus rendering it unavailable for
plants (Yildiz et al. 2017). Phosphate values showed significant differences between

treatments, with T1 having the lowest values followed by T2, which was similar to
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T1 and the other treatments, while T3, T4, and T5 were the highest ones, having no
difference between them.

Comparing the values of nitrogen content in plant parts for treatment, only T1
had significant differences from the other treatments, and considering all treatments
had proportionally the same feed offer, it is notable that lemon balm plants converted
the same quantity of this nutrient, presenting similar content for this parameter but
presenting different results for other plant growth parameters. Relating plant nitrogen
content and nitrogen compounds in water, it is observed that the first did not correlate
to the second since there was no difference between this parameter in fish-fed
treatments (T2-T5).

According to Wongkiew et al. (2017), the concentration of nitrogen in both fish
and plants, which in aquaponic systems comes from fish effluent, allows analyzing
the absorption of this nutrient in the system. As fish excrete nitrogen in the form of
ammonia, microorganisms (nitrifying bacteria) transform the nutrient so that plants
absorb it as nitrate. As there are no studies that take into account growth patterns
of Astyanax bimaculatus and lemon balm in aquaponic systems, it is important that
future works consider these data on nitrogen content in each element (fish, plants,
microorganisms, and water in the system) in order to calculate the nitrogen utilization
efficiency rate using this conformation.

Therefore, the key to aquaponics efficiency lies in the interplay between fish
density and nutrient dynamics, which directly influences plant growth and overall
system productivity. Achieving the right balance between fish density and nutrient
levels is essential for optimizing both fish health and plant yield. Fish density in
aquaponics systems typically refers to the biomass of fish per unit volume of water.
Kitaya et al. (2023) indicates that increasing the density of loach fish and lettuce plants
can increase the total biological production of fish and plants. However, it will be
important to control both fish and plant densities to increase nitrogen recovery in

aquaponics with a high fish density.
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The highest fish growth, observed at T2, was different from the highest plant
growth, T3. The observed results for animal growth, where the highest values were
found in the treatment with the lowest fish stocking density, T2, differ from Hundley
et al. (2018), who worked with tilapia densities of 0, 0.15, 0.25, and 0.5 fish L-1 and
found better results for fish and plants in the highest fish stocking density. Also, Patil
et al. (2019), who worked with goldfish densities of 0.5, 0.6, and 0.7 fish L-1 found
better results for plants and fish at the highest fish stocking density. Both studies were
operated in media bed aquaponic systems like ours but with production of marjoram
(Origanum majorana) and sweet basil (Ocimum basilicum) in the first and lemon balm
in the second.

T2 likely achieved better fish growth due to the reduced nutrient input, as the
smaller amounts of feed, along with leftover feed and waste, were lower compared to
treatments with higher stocking densities. This is reflected in the water quality data,
where T2 shows lower levels of ammonia, nitrite, and nitrate. In contrast, T3 yielded the
best results for plant growth, suggesting that plants may be selective in their uptake of
nutrients available in the aquatic environment.

Aquaponic studies that utilize Astyanax bimaculatus are scarce. Recently, Pinho
et al. (2021) indicated South American fish species suitable for aquaponics, relating
A. bimaculatus as one of them and pointing out that there is no scientific information
about its production in aquaponics. Navarro et al. (2021) did not find differences in
tilapia fingerlings and sweet basil growth when comparing fish stocking densities of
0.072,0.144,and 0.216 fish L-1. In our study, we observed that the values of fish growth
were inversely proportional to the highest densities while plant growth was better at
T3, T4, and T5 respectively. According to Lennard (2017), if water chemistry can be
matched to the requirements of the three sets of important life forms (fish, plants, and
bacteria), efficiency and optimization of growth and health of all may be aspired to.

Delaide et al. (2016) reported that interaction between microorganisms and dissolved
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organic matter present in a recirculating aquaculture system stimulates both root and
shoot of plants resulting in good plant crop.

It was observed that for fish the two systems with the lowest population density,
T2 and T3, presented the best performance results with no differences between them.
As for plants, treatment T3 showed better results and therefore we recommend
treatment T3 asideal for replication in micro aquaponic systems coupled with substrate
beds. Also, it was observed that lemon balm plants are selective in absorbing nutrients
and an increase in nutrient concentration in systems did not favor greater growth for
this species in studied systems as observed by Juarez-Rosete et al. (2018) on hydroponic
production of oregano at different nutrient concentrations.

As the challenges within any aquaponics system are to control inputs - water,
fingerlings, feed, plantlets - and their associated microbiota to maximize the benefits
of organic matter and its breakdown into bioavailable forms for target organisms (Joyce
etal. 2019), the main advantages of coupled aquaponics are in the most efficient use of
resources such as feed for nutrient input, phosphorous, water, and energy as well as in
an increase in fish welfare (Palm et al. 2019). It is believed that the aquaponic systems
used and conditions were properly designed to produce A. bimaculatus fingerlings and
lemon balm, recycling water and favoring nutrient cycling, mostly at T2 and T3.

Espinal & Matulié (2019) point out that in attached growth systems, solid forms
(sand grains, stones, plastic elements) are used as substrates to retain bacteria inside
the reactor and thus do not need a post-treatment solids capture step. In classical, fully
recirculatingaquaponic designs, one of the key design driversis to use the main nutrient
input source, fish feed, as efficiently as possible; therefore fully recirculating designs
strive to supply as many of the nutrients required for plants from fish feed (Lennard
2017). The formation of biofilms was observed at all media bed units, which optimizes
water treatment; but despite all fish-fed treatments (T2-T5) being fed at 4% of the
gross weight of biomass, at T5 all parameters of fish performance were unsatisfactory.

The main task of coupled aquaponics is the purification of aquaculture process water
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through integration of plants which add economic benefits when selecting suitable
species like herbs, medicinal plants or ornamentals (Palm et al. 2019).

Small-scale aquaponic systems, commonly used in residential or community
settings, are characterized by lower biomass densities and simpler management
practices. According to Lobillo-Eguibar et al. (2020), the adoption of such systems is
often driven by values such as autonomy and the self-sufficiency of producing healthy,
high-quality food—both fish and vegetables free from pesticides. These systems are
relatively easy to manage and require less financial investment, making them accessible
to individuals and small communities. The ecological principles of aquaponics, which
encourage the development of a diverse microbial community, have been shown to
benefit the health of both fish and plants. While there is ongoing discussion about the
precise definition of aquaponics and the role of fish waste in nutrient delivery, studies
indicate that both approaches offer benefits and can yield comparable production
rates for fish and plants (Bakaluba 2023).

The current study identified some limitations in small aquaponic systems,
particularly a deficiency in micronutrients. However, these systems effectively
demonstrated their ability to produce both fish and plants in a complementary manner,
with successful growth observed in both species, including the flowering of lemon balm.
While our study did not assess the economic viability of lambari production, Castilho-
Barros et al. (2023) noted that producing lambari alongside lettuce in aquaponics
carries moderate economic risks. In contrast, Kodama (2016) found a high return
on investment of an aquaponic system, highlighting the potential for added value
by incorporating ornamental species with short growth cycles, allowing for multiple
harvests per year. Furthermore, lambari production can create local employment
opportunities, supporting rural development and enhancing community resilience.

Lemon balm production offers potential for financial growth, especially as

the global herbal medicine market continues to expand. With increasing demand in
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developing countries, the market is projected to reach USD 104.78 billion by 2026,
growing at a Compound Annual Growth Rate of 6.5%. This growth is driven by rising
public and scientific interest in medicinal plants for primary healthcare (Bareetseng
2022). Additionally, lemon balm'’s relatively short growth cycle enables multiple
harvests per season, which can boost overall yield and income potential.

A key advantage of small aquaponic systems is their low implementation and
operational costs, making it feasible for small-scale producers to cultivate lemon balm
and other species. Henriques et al. (2022) found that these low-cost recirculation
systems demonstrated productivity levels comparable to conventional production
methods, with no significant differences in growth patterns, biomass, or weight-length
ratios. This provides small producers with increased profit opportunities, promoting

activity diversification and improving family incomes.

5 CONCLUSION

Considering aguaponic systems as a sustainable manner to produce two high-
value products at the same time, conformations between aquatic organisms and
vegetables are key to determining economic success for farmers. Despite aquaponics
being more studied on academic scales, scientific works that relate the choice of
valuable species and their growth performances are interesting for producers
to visualize better gains in aquaponic production. As observed in our study, the
production of Astyanax bimaculatus fingerlings and lemon balm in a media bed
aguaponic system was satisfactory, presenting animal and plant growth; the medium
fish stocking densities demonstrated better results (T2 for fish; T3 for plants), which
can aggregate financial feedback for producers. Considering medicinal leafy plants
in aquaponics, precisely lemon balm can be an excellent choice of species and also
A. bimaculatus fingerlings, which can be transferred to bigger fish tanks or sold to fish

farmers and/or aquarium stores.
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In conclusion, lambari (Astyanax sp.) production offers a promising opportunity
for small-scale farmers looking to boost their income and enhance food security. Its
adaptability and market potential make lambari farming a viable income-generating
activity, especially in rural areas. Similarly, the cultivation of lemon balm (Melissa
officinalis) provides small-scale farmers with a valuable chance to increase their
earnings and improve their livelihoods. With growing market demand, relatively
straightforward cultivation requirements, and potential for high returns, lemon balm
represents a sustainable crop that can contribute to rural development.

Experiments that consider medicinal plants in aquaponics, especially lemon balm,
should be stimulated to determine possible growth differences between hydroponic

units, as well as mineral content, antioxidative capacities, and phenolic compounds.
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