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ABSTRACT

This study examines the effects of stocking density on the growth performance of juvenile Nile tilapia (Oreochromis
niloticus) and spearmint (Mentha spicata) in a recirculating aquaponic system over a 120-day production cycle. Three
stocking densities were tested: 40 fish/m* (Group G1), 80 fish/m* (Group G2), and 120 fish/m* (Group G3). The
experiment was conducted at the National Agricultural Research Center (NARC) in Palestine, using 1000-liter units
equipped with biofiltration systems and standardized environmental controls. Fish were fed a diet containing 35% crude
protein, while mint plants (10 plants per unit) were cultivated simultaneously without additional nutrient
supplementation. Data were analyzed using one-way ANOVA followed by Tukey’s HSD post-hoc test (p < 0.05) to
assess significant differences in weight gain, survival rates, and plant biomass across treatments. Results indicated that
operational costs increased with higher stocking densities, reaching $52.58 for G1, $82.90 for G2, and $113.60 for G3,
despite uniform initial setup costs across all groups. Tilapia biomass exhibited a clear density-dependent increase, with
final weights of 7.84 kg (G1), 13.49 kg (G2), and 20.22 kg (G3). Correspondingly, net profits rose from $5.68 in G1 to
$28.10 in G3. These findings highlight the significance of strategic stocking density management in optimizing the
productivity and economic efficiency of aquaponic systems. Implementing cost-effective stocking strategies and refining
system design can significantly enhance the viability of aquaponics, particularly for small-scale agricultural operations.
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INTRODUCTION 2024). Stocking density (defined as the number of fish
per unit volume of water) is a critical factor influencing
Aquaponics, defined as the integration of system functiopality and ecgnomic Yiability. A W(?H—
aquaculture and hydroponics within a closed-loop water balanced stocking strategy is essential for managing
system, represents a synergistic model of sustainable food nutrient dynamics, maintaining water quality, and
production that addresses global food security challenges. optimizing growth performance for both fish and plants
In this recirculating system, nutrients derived from fish (Junge et al., 2017; Rahmatullah ez al., 2010). However,
waste serve as a natural fertilizer for plant growth, while several challenges remain, including aligning stocking
the plants, in turn, purify and filter the water for the fish density with operationa} costs, scalability, technical
(Kankia et al., 2024; Bosma et al., 2017). This integration expertise, and system design (Goddek et al., 2019; Love
enhances resource efficiency and environmental etal, 2014).
sustainability, while also promoting biodiversity and Numerous studies emphasize the importance of
system resilience (Sace and Fitzsimmons, 2013). Tilapia maintaining moderate stocking densities to enhance
(Oreochromis spp.), known for its adaptability to diverse aquappnic system efficiency while avoi.ding potenFial
environmental conditions, is one of the most commonly negative consequences SUCh_ as water .quahty. degrada.n.on
cultivated fish species in aquaponic systems. It is often and fish stress associated with excessively high densities
reared at elevated stocking densities to maximize nutrient (Marques ez al., 2016; Rakocy er al., 2006). For example,
availability and overall production efficiency (Nair et al., Rakocy ez al. (2006) reported that although higher fish
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densities can increase nutrient flux for plant growth, they
may also destabilize the system through nutrient
imbalances. Additional research indicates that optimizing
the fish-to-plant ratio is crucial for improving both
ecological and economic outcomes ( Yildiz et al., 2017,
Graber and Junge, 2009). Studies by Maucieri et al.
(2018) and Buzby and Lin (2014) further support the
importance of achieving equilibrium in nutrient exchange
to enhance productivity and reduce risks related to
nutrient competition within the system. Furthermore,
improvements in fish feed formulation are increasingly
recognized as vital for enhancing aquaponic performance.
The use of sustainable and locally sourced diets (such as
duckweed (Lemna sp.), which is rich in nutrients and
cost-effective) has shown promise in reducing production
costs and improving overall system performance (; Junge
et al., 2017; Popa et al., 2017). This aligns with growing
interest in integrating giant river prawns (Macrobrachium
rosenbergii) into polyculture systems. These prawns can
utilize a wide range of organic residues present in

aquaponic environments, contributing to increased
species diversity and improved system stability (Marques
etal, 2016).

The primary objective of this study is to evaluate the
impact of varying stocking densities on fish growth, plant
biomass, and water quality parameters in a recirculating
aquaponic system. Additionally, a comprehensive cost-
benefit analysis will be conducted to assess the economic
implications of different stocking density levels, identify
the optimal balance for system efficiency, and establish

best practices to improve the profitability and
sustainability of aquaponic farming operations.
MATERIALS AND METHODS

Study site and Aquaponic System Setup: The study
was conducted in the laboratory of the Animal Research
Department at the National Agricultural Research Center
(NARC), located in Jenin, northern West Bank, Palestine
(32°25'47.1" N, 35°15'39.4" E), over a 120-day
experimental period. The primary objective of this
research was to evaluate the growth performance of
juvenile Nile tilapia (Oreochromis niloticus) and
spearmint (Mentha spicata) within a recirculating
aquaponic system, under three distinct stocking densities:
Group 1 (G1; 40 fish/m?), Group 2 (G2; 80 fish/m?), and
Group 3 (G3; 120 fish/m?®). Each treatment group was
housed in an identical aquaponic unit with a total water
capacity of 1,000 liters. Each aquaponic unit was
equipped with mechanical and biological filtration
systems to ensure stable water quality throughout the
experiment. These systems included mechanical filters to
remove solid waste and biofilters to facilitate
nitrification, thereby maintaining optimal conditions for
both fish and plant growth. All units were operated under
standardized environmental controls, including consistent
water temperature, pH, dissolved oxygen levels, and flow
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rates, to minimize variability between treatments and
allow for accurate comparisons.

At the beginning of the experiment, tilapia
fingerlings were individually weighed using a digital
scale to determine initial body weight. Fish were then
stocked into their respective units according to the
assigned densities. Throughout the trial, fish were fed a
commercially available diet containing 35% crude
protein, administered manually in accordance with
species-specific feeding guidelines and adjusted based on
biomass estimates. Simultaneously, ten mint plants
(Mentha spicata) were cultivated per unit in the
hydroponic component of each system. Plant growth
parameters were monitored throughout the experimental
period to assess the influence of varying fish stocking
densities on nutrient availability and plant productivity.

These methodological considerations are
essential given the growing interest in aquaponics as a
sustainable food production system. Such integrated
systems leverage nutrient recycling to enhance resource
efficiency and productivity (Naylor et al.,2023; Asche et
al., 2022). By combining aquaculture and hydroponics,
aquaponics supports both environmental sustainability
and food security, key priorities in modern agricultural
practices (Belton et al., 2020; Vince and Haward, 2017).

Mathematical and Statistical Analyses: The financial
setup and operational expenses associated with the
aquaponic system were calculated using the following

formulas:
Total Setup Cost

Number of Periods (1)

Total Running Cost = Fish Cost + Feed Cost +
Electricity Cost + Water Refill Cost 2)
Total Costs = Total Setup Cost Per Period +
Total Running Costs 3)

Measurements and Fodder Consumption: Initial
weights of both juvenile tilapia (Oreochromis niloticus)
and spearmint (Mentha spicata) were recorded prior to
the commencement of the experiment. Tilapia body
weights were subsequently measured at regular intervals
throughout the 120-day trial period to assess growth
performance. Weight gain was calculated using the
following formula:
Fish Weight Gain (g) = Final Weight — Initial Weight  (4)
At the end of this period, the final weights of
fish and plants were documented. The survival rate (SR)

of the tilapia was determined using:
SR = Total Initial Fish— Total Fish Died

100
The final stock weight was quantified using:

Final Stock Weight = SR X Total Initial Fish X Final
Fish Weight. (6)
To calculate total
following formula was applied:
Total Fodder Consumption
Fish Consumption Per Fish x Total Fiss

Setup Cost per Period =

(6))

feed consumption, the

(7
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For mint plants, final weight was calculated
based on the per-plant weight multiplied by the number
of plants. Profitability across stocking densities was
evaluated using these equations:

Fish Sales = Fish (Kg) X Unit Price per Kg. (®)
Plant Sales = Plant Weight (Kg) Unit Price per Kg.(9)
Total Sales = Fish Sales + Plant Sales. (10)

Net Profit = Total Sales — Total Costs.  (11)
Assuming total costs for each group are provided or
calculated separately.

Statistical Analysis: The experimental data were
analyzed using IBM SPSS® version 22 through a
univariate General Linear Model (GLM) to evaluate the
differences across the stocking density treatments
(Groups G1, G2, and G3). The model was used for data
analysis.

Yij=p+ Ti+€jj

where Yij represents the observed value for the j-th
replicate in the i-th treatment, p denotes the overall mean,
Ti expresses the fixed effect of stocking density
treatment, and €ij refers to the random error associated
with each observation.

To identify pairwise differences between group
means, Tukey’s Honestly Significant Difference (HSD)
post-hoc test was applied. The threshold for statistical
significance was set at p<0.05.

RESULTS

Significant differences were observed in fish
growth parameters and plant performance across the three
stocking density treatments (Table 1). Initial fish weights
varied among groups, with Group 1 (G1) exhibiting the
highest mean weight of 79.42 g, which was significantly
greater than those recorded in Group 2 (55.71 g) and
Group 3 (55.19 g). In terms of initial stock biomass,
Group 3 had the highest total weight at 6.62 kg, followed
by Group 2 (4.45 kg), and Group 1 (3.17 kg). Fish weight
gain differed significantly between groups. Group 1
demonstrated the greatest average weight gain at 162.69
g, which was statistically higher (p < 0.05) than that of
Group 2 (147.53 g) and Group 3 (143.12 g). However, no
significant difference was found between Groups 2 and 3.
Survival rates remained high across all treatments, with
values of 81% in Group 1, 83% in Group 2, and 85.6% in
Group 3. Fodder consumption per fish was highest in
Group 1 at 305.85 g per fish, while total feed
consumption increased with stocking density, reaching
35.03 kg in Group 3. This reflects a progressive increase
from 12.23 kg in Group 1 to 23.48 kg in Group 2.

Final individual fish weights showed slight
variation: Group 1 averaged 0.242 kg, while Groups 2
and 3 reached 0.203 kg and 0.198 kg, respectively. Total
final stock biomass increased significantly with density,
peaking at 20.22 kg in Group 3. In terms of plant
performance, each group maintained ten mint plants
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(Mentha spicata); however, plant weight per unit varied.
Group 2 produced the highest mean plant weight at 237
g, whereas Group 3 recorded the lowest at 130.9 g.
Consequently, total plant biomass per unit was 2.09 kg in
Group 1, 2.37 kg in Group 2, and 1.309 kg in Group 3.

The costs associated with the three aquaponic
treatments (Group 1 (G1: 40 fish/m?), Group 2 (G2: 80
fish/m?®), and Group 3 (G3: 120 fish/m?)) 120-day
production cycle are summarized in Table 2. Both initial
setup and recurring operational costs were analyzed to
provide a comprehensive financial overview for each
group. Setup costs included essential system components
such as the aquaponic unit (1000 L), biofilter (20 L),
mechanical filter (20 L), hydroponic tube (4 m), oxygen
pump, volcanic gravel, plastic bio-balls, and LED lamps.
Unit prices and total costs for each component were
itemized across all groups. The total setup cost remained
constant at $99.50 for all groups, resulting in a per-period
cost of approximately $4.97, based on an assumed 20
production cycles over the system's lifespan.

In contrast, running costs varied significantly
depending on stocking density. Fish fingerling expenses
increased from $12 in G1 to $36 in G3, reflecting the
higher number of fish stocked per cubic meter. Similarly,
feed costs rose from $18.34 in Gl to $52.50 in G3,
demonstrating the direct relationship between stocking
density and feeding requirements. Fixed operational
costs, including electricity ($12) and water refill ($3),
remained consistent across all groups. Total running costs
were calculated as $47.61 for G1, $77.90 for G2, and
$108.70 for G3. When combined with the setup cost per
period, the total production costs reached $52.58 for G1,
$82.90 for G2, and $113.60 for G3.

The net profit generated from the aquaponic
system over a 120-day production cycle varied
significantly across the three stocking density treatments
(Table 3). Analysis revealed a clear increase in fish
biomass with higher stocking densities: Group 1 (G1; 40
fish/m?®) yielded 7.84 kg, Group 2 (G2; 80 fish/m?)
produced 13.49 kg, and Group 3 (G3; 120 fish/m?)
achieved the highest yield at 20.22 kg. With a fixed unit
price of $7 per kilogram for tilapia, sales revenue
increased accordingly: $54.88 for G1, $94.43 for G2, and
$141.54 for G3. In terms of plant production, mint
(Mentha spicata) yields were 2.09 kg for G1, 2.37 kg for
G2, and 1.31 kg for G3. The decline in plant yield
observed in G3 suggests potential resource competition
between fish and plants under high-density conditions.
Plant prices were held constant at $4 per kilogram,
resulting in plant sales of $8.36 (G1), $9.48 (G2), and
$5.24 (G3). Total revenue (combining fish and plant
sales) was $63.24 for G1, $103.91 for G2, and $146.78
for G3, demonstrating a steady increase in overall income
with rising stocking density. As a result, net profit
increased progressively from $5.68 in G1 to $16.03 in G2
and $28.10 in G3.
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Tablel. Mean of fish growth traits and plant across different stocking densities over 120 days

Group Gl G2 G3
Initial Fish Weight (gr) 79.42 55.71 55.19
Fish Metrics Initial Stock Weight (Kg) 3.17 4.45 6.62
Fish Weigt Gain (gr) 162.69+2.58 147.53%+1.74 143.12°+1.42
Survival Rate 0.81°+0.11 0.83*+0.07 0.856*+0.06
Fodder Consumption per fish 305.85 293.58 291.96
Total fodder consumption (Kg) 12.23 23.48 35.03
Final Fish Weight (kg) 0.242 0.203 0.198
Final stock Weight (kg) 7.84 13.49 20.22
Water and Plant Number of plants 10 10 10
Metrics PH 7.42*+0.054 6.64°£0.15 6.52°+0.08
Total Dissolved Solids (TDS) 6092+14.30 689"+18.30 860°+£32.21
Weight per plant gr 209 237 130.9
Total plant weight (Kg) 2.09 2.37 1.309

Note: G1- (40 fish/m?), G2- (80 fish/m?), G3- (120 fish/m?); ®Different letters in the same row indicate statistical significance (P < 0.05).

Table 2. Setup and running costs in aquaponic systems with varying fish densities over a 120-day period.

Ttem Unit Unit Price Total Units Total Costs ($)
(&) Gl G2 G3 Gl G2 G3
Aquaponic unit (1000 L) 50 1 1 1 50 50 50
Biofilter (20 L) 10 1 1 1 10 10 10
Mechanical filter (20 L) 10 1 1 1 10 10 10
Hydroponic tube (4m) 7 1 1 1 7 7 7
Oxygen pump 10 1 1 1 10 10 10
Setup Costs y canic gravel (kg) 0.3 5 5 5 15 15 15
Plastic bio balls (kg) 1 5 5 5 5 5 5
LED lamps (3 x 50W) 3 3 3 6 6 6
Total setup cost ($) 99.5 99.5 99.5
Set up cost per rotation ($) 4.97 4.97 4.97
Fish (Fingerling) 0.3 40 80 120 12 24 36
Fish feed (kg) 1.5 12.23 2348 35.03 1834 3522 52.5
Running Electricity (day) 0.1 120 120 120 12 12 12
Costs Water refill (day) 0.025 120 120 120 3 3 3
Others (Lump sum) 0.05 of the running cists 2.26 3.71 5.2
Running Costs ($) 52.58 8290 113.6
Total Setup and Runing Costs ($) 57.5 87.8 118.6
Note: G1- (40 fish/m®), G2- (80 fish/m’®), G3- (120 fish/m?)
Table 3. Net profit ($) across different stocking densities over 120 days
Group Gl G2 G3
Fish Fish (Kg) 7.84 13.49 20.22
Unit Price per Kg ($) 7 7 7
Fish Sales ($) 54.88 94.43 141.54
Plant Plant Weight (Kg) 2.09 2.37 1.31
Price per Kg (USD) 4 4 4
Plant Sale ($) 8.36 9.48 5.24
Total Sales ($) 63.24 103.91 146.78
Net Profit ($) 5.68 16.03 28.10

Note: G1- (40 fish/m?), G2- (80 fish/m?), G3- (120 fish/m?)
DISCUSSION

Fish and plant growth traits: The optimal conditions
for plant growth appear to be achieved at intermediate
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fish stocking densities, as evidenced by the results
obtained from Group 2 (G2). This outcome likely reflects
a balanced nutrient concentration. Endut et al. (2009)
similarly concluded that moderate stocking densities
provide the most favorable environment for plant growth
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in aquaponic systems, enhancing both nutrient
availability and overall system efficiency.
Nutrient cycling plays a central role in

aquaponics and is directly influenced by fish excretion
rates, making it a key factor in determining system
performance. The suboptimal results observed in Group 3
(G3), which employed an excessively high stocking
density, align with findings by Liu et al. (2016). They
reported that overcrowding can lead to elevated stress
levels in fish, negatively impacting growth performance
and increasing mortality rates. These observations
reinforce the idea that both very low and excessively high
stocking densities may compromise overall productivity.
In contrast, the moderate stocking density applied in G2
fostered a more balanced environment, supporting
enhanced production outcomes for both fish and plants.

The findings related to plant growth highlight
the critical influence of pH in aquaponic systems. As
shown in Table 1, pH levels varied significantly across
the different stocking density treatments: Group 1 (Gl)
exhibited a pH of 7.42, Group 2 (G2) recorded a pH of
6.64, and Group 3 (G3) reached a low of 6.52. These
results suggest that lower stocking densities, such as
those in G1, are more conducive to maintaining a
favorable pH environment (closer to the optimal range for
both fish and plant growth). Numerous studies have
emphasized the importance of maintaining a near-neutral
pH (around 7) in aquaponic systems, not only for the
health and growth of tilapia but also for maximizing
nutrient availability and uptake by plants (Said et al.,
2022).

Nitrification is a critical biological process in
aquaponic systems, wherein ammonia is first converted
into nitrite and then into nitrate, a form of nitrogen that is
more readily absorbed by plants. This process is mediated
by nitrifying bacteria, which are essential for maintaining
nutrient balance and water quality. A near-neutral pH
significantly enhances the activity of these beneficial
microorganisms, promoting a healthier and more stable
environment for both fish and plant components of the
system. Research conducted by Goddek er al. (2015)
further supports this, indicating that pH levels below 6.5
can substantially inhibit the nitrification process. Under
such acidic conditions, the efficiency of biological
filtration can be severely compromised. A sharp decline
in pH may lead to a reduction in microbial populations,
thereby disrupting nutrient cycling and negatively
affecting both fish health and plant growth.

The findings of Ali et al. (2024) highlight a
critical relationship between fish growth performance and
water quality, particularly under non-protein skimmer
(non-PS) conditions. In such systems, suboptimal water
quality significantly impairs both the growth and survival
rates of fish. This observation aligns closely with the data
presented in Table 2, which shows that Groups 2 (G2)
and 3 (G3) were characterized by lower pH levels
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compared to Group 1 (Gl). A decline in pH may
negatively affect plant nutrient uptake, ultimately
resulting in reduced growth performance. This assertion
is further supported by previous research indicating that a
pH range of 7.4 to 7.9 is most conducive to optimal plant
health and productivity (Ali et al, 2024). In terms of
plant growth, Group 2 (80 fish/m?) achieved the highest
average plant weight of 237 g, whereas Group 3 (120
fish/m?) recorded the lowest at 130.9 g. Although the pH
values in both G2 (6.64) and G3 (6.52) fell below the
ideal range for plant growth, the relatively higher pH in
G2 likely contributed to better plant performance
compared to G3. Furthermore, the results emphasize that
maintaining a balanced pH is critical in aquaponic
systems, as plants exhibit optimal growth in
environments that support efficient nutrient uptake,
ultimately enhancing overall biomass production. The
study indicates that elevated total dissolved solids (TDS)
levels can significantly influence both fish and plant
performance. As fish density increases, so do TDS levels,
which correspond with greater accumulation of metabolic
waste products and mineral nutrients. Elevated TDS
concentrations pose potential risks to fish health by
increasing the likelihood of toxicity, impairing growth
rates, reducing disease resistance, and negatively
affecting dissolved oxygen availability (Ujjania et al.,
2022). For plants, while certain dissolved solids supply
essential macro- and micronutrients, excessive TDS can
disrupt nutrient balance and hinder root absorption,
thereby limiting plant growth. Moreover, high TDS levels
may alter water pH, further influencing nutrient
bioavailability and plant physiological functions.
Therefore, effective monitoring and management of TDS
are essential to sustain optimal water quality and ensure
the well-being of both aquatic and plant components in
aquaponic systems (Ujjania et al., 2022).

Net profit: From a financial perspective, Group 3 (G3)
demonstrated the highest profitability, generating a net
profit of $33.18. This outcome indicates that higher
stocking densities can significantly enhance fish
production and improve economic returns, despite
potential challenges in plant growth performance. The
results suggest that while moderate stocking densities
may be more effective in optimizing biological
productivity and maintaining system balance, higher
densities can still offer economic viability under well-
managed conditions. However, continuous monitoring
and proactive management are essential, as excessive
stocking densities can lead to water quality deterioration
and nutrient imbalances, which may compromise both
fish and plant health and ultimately disrupt system
stability. Quagrainie et al. (2019) emphasized the
importance of carefully managing stocking densities to
ensure long-term financial sustainability in aquaponic
systems. Although Group 2 (G2) achieved a net profit of
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$21.01, reflecting favorable performance at a moderate
stocking density, the higher fish yield observed in G3
highlights the potential for increased profitability when
stocking density is strategically managed.

From a sustainability perspective, Love et al.
(2014) and Lennard and Leonard (2006) emphasize the
importance of balancing fish stocking densities to
maintain nutrient levels that support both the aquaculture
and hydroponic components of aquaponic systems. The
decline in plant production observed in Group 3 (G3)
suggests that excessively high stocking densities may
exceed the system’s capacity to sustain nutrient
equilibrium. Research by Bosma et al. (2017) further
demonstrates that the economic viability of aquaponic
systems depends on the careful optimization of key
variables particularly fish density and nutrient
management. While G3 achieved the highest fish yield,
the increased complexity and resource demands
associated with managing high-density conditions may
have partially offset the potential economic gains. In the
broader context of aquaponic research, these findings
highlight the need for an integrated management
approach that considers biological, environmental, and
economic factors in tandem. Studies by Suhl et al. (2016)
and Goddek et al (2015) similarly concluded that
aquaponic systems perform most efficiently when fish
stocking rates are matched to the nutrient uptake capacity
of the plants.

Conclusions: The results of this study indicate that while
initial setup costs for aquaponic systems remain constant
across varying fish stocking densities, operational costs
increase significantly with higher stocking levels. The
stocking dentisyt 40 fish/m*® incurred the lowest total
production costs, and 120 fish/m* required the highest
investment, primarily due to increased expenditures on
fish fingerlings and feed. Fish biomass and corresponding
sales revenue demonstrated a positive correlation with
stocking density. The highest stocking density (120
fish/m?) achieved the highest net profit, demonstrating
the economic potential of high-density aquaponic systems
when managed effectively.
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