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Abstract

This study evaluated the performance of lettuce (Lactuca sativa) cultivated in coupled
aquaponic systems integrated with Nile tilapia (Oreochromis niloticus) and African catfish
(Clarias gariepinus) under tropical greenhouse conditions. The experiment was conducted
across two consecutive lettuce production cycles to assess fish growth, plant performance,
water quality, and nutrient dynamics. African catfish exhibited significantly higher specific
growth rates (1.08 ± 0.18%/day; p = 0.02) and weight gain (92.38 ± 22.29%; p = 0.03) com-
pared with tilapia. During the first lettuce cycle, tilapia-based systems yielded significantly
higher final plant weights (177.6 ± 34.4 g/plant; p = 0.0002), and greater increases in leaf
number, weight gain, and absolute growth rate than catfish-based systems. However, in the
second cycle, catfish systems resulted in superior lettuce leaf morphology, with significantly
greater leaf length, width, and total leaf area. Nutrient profiles differed markedly between
systems. In the deep-water culture (DWC) units, total phosphorus (TP) concentrations
were significantly higher in the tilapia-based system during cycle 1 (12.39 ± 0.64 mg/L;
p = 0.0001), while total nitrogen (TN) concentrations were significantly higher in the catfish
treatment during cycle 2 (21.54 ± 2.93 mg/L; p = 0.0007). Catfish-based systems also
showed higher levels of calcium and sodium. Despite these differences, temperature, pH,
and dissolved oxygen remained within optimal ranges for aquaponic production across
both systems. Overall, tilapia-based aquaponics promoted faster early-cycle plant growth
and higher initial yield, whereas catfish-based systems enhanced nitrogen availability
and improved lettuce leaf structural development over successive cycles. These findings
indicate that fish species selection plays a critical role in shaping nutrient dynamics and
crop performance in tropical aquaponic systems.

Keywords: aquaponics; lettuce; Nile tilapia; African catfish; nutrient cycling; tropical
aquaponics; resource-use efficiency; sustainable intensification
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1. Introduction
Climate change, soil degradation, and increasing water scarcity pose significant and

interconnected threats to the sustainability of global food systems [1]. These challenges are
further compounded by rapid population growth and accelerating urbanization, which
continue to place mounting pressure on conventional agricultural production systems [2].
Addressing future food demand therefore requires innovative, resource-efficient farming
strategies that enhance productivity while reducing reliance on finite land and water re-
sources. In this context, soilless cultivation technologies, particularly aquaponic systems,
have emerged as promising alternatives, offering enhanced water- and nutrient-use effi-
ciency, reduced land requirements, and the capacity for year-round crop production in
urban and peri-urban environments [3].

Aquaponics is an integrated farming system that combines the cultivation of aquatic or-
ganisms and plants, where the nutrient-rich effluent from the aquatic organisms undergoes
bacterial transformation and is subsequently used to nourish the cultivated plants [4–6].
This approach aligns with sustainable agricultural goals and is increasingly being adopted
in tropical regions to optimize water-, space-, and nutrient-use efficiency [6–8]. Among fish
species used in tropical aquaponic systems, Nile tilapia (Oreochromis niloticus) and African
catfish (Clarias gariepinus) are predominant due to their rapid growth rates, feed conversion
efficiency, and high adaptability to variable environmental conditions [8,9]. Tilapia is well
known for its high tolerance to suboptimal water quality and its ability to maintain steady
ammonia and phosphorus excretion rates, which favour vegetative crops [10]. Conversely,
C. gariepinus exhibit a more carnivorous feeding behaviour that influences organic matter
decomposition and nitrogen mineralization, potentially enhancing nitrate accumulation in
water [11].

Lettuce (Lactuca sativa) is a shallow-rooted leafy vegetable with a short growth cy-
cle and is widely used as a model crop in aquaponic research due to its low nutrient
requirements, rapid biomass accumulation, and strong market demand [8,12]. Previous
studies indicate that lettuce growth and physiological responses in aquaponic systems
vary according to fish species, system management practices, and nutrient composition
of the culture water [8,13]. For example, tilapia-based systems are often associated with
enhanced early growth and higher chlorophyll content, likely due to increased phosphorus
and ammonium availability, whereas catfish-based systems tend to promote greater leaf
expansion and structural development in later production cycles, attributed to elevated
nitrate concentrations [14]. Despite these observations, the existing aquaponic literature
does not clearly establish whether nutrient excretion from different fish species results in
significantly distinct nutrient profiles in the aquaponic solution or consistent differences in
plant yield. A better understanding of these interactions is therefore essential for improving
nutrient-use efficiency and enhancing overall aquaponic system productivity [13,14].

Previous studies have predominantly focused on lettuce performance in aquaponic
systems, examining factors such as the effects of probiotics [2], pH regulation [15], the use of
different nutrient solutions [16,17], microbial diversity in different compartments [18] and
the yield and quality of crops cultivated under hydroponic and aquaponic conditions [19].
However, comparatively little attention has been given to the influence of fish species
on lettuce growth in soilless production systems, particularly under tropical conditions.
This knowledge gap limits the optimization of aquaponic system design and management
for region-specific applications. It was hypothesized that tilapia effluents, which are
richer in phosphorus and ammonium, would support greater early-cycle lettuce biomass,
whereas African catfish effluents, through sustained nitrate availability, would enhance leaf
morphology and size in later production cycles. Therefore, this study aimed to compare
the performance of lettuce grown in recirculating aquaponic systems integrated with either
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Nile tilapia or African catfish under tropical greenhouse conditions. Specifically, it assessed
(i) fish growth performance, (ii) nutrient dynamics and water quality, and (iii) plant growth
parameters across two lettuce cycles. It was hypothesized that tilapia effluents, being
richer in phosphorus and ammonium, would promote higher early-cycle lettuce biomass,
whereas catfish effluents would enhance leaf morphology and size through sustained
nitrate accumulation in later cycles.

2. Materials and Methods
2.1. Experimental Site and System Setup

The experiment was conducted in a controlled tropical greenhouse at the National
Fisheries Resources Research Institute (NaFIRRI), Aquaculture Research and Develop-
ment Centre in Kajjansi, Uganda (0◦13′20′′ N, 32◦32′5′′ E). The fish rearing period lasted
90 days. Six identical coupled aquaponic systems were established with a gravel bed and a
deep-water culture (DWC) bed. A completely randomized design was used, with three
replicate aquaponic systems randomly assigned to each treatment, namely tilapia (n = 3)
and catfish (n = 3). Each system contained a fiberglass fish tank with a capacity of 1300 L,
two sedimentation tanks, each with a capacity of 70 L, two ebb and flow gravel media beds,
each with a capacity of 450 L, and a 900 L deep-water hydroponic culture unit (Figure 1).
These units were connected by pipes to form a closed water cycle.

Figure 1. Schematic diagram of a single experimental aquaponic unit and directions of flow of water.
From the media bed, water drained into a deep-water hydroponic floating raft unit to achieve a water
cycling rate of 4 cycles/h.

Water exiting the fish tank was fed by gravity to the sedimentation tanks, then to the
gravel media bed at a flow rate of 216 L/h. As the water volume increased in the gravel
bed (highest point), the water drained into a deep-water hydroponic unit to achieve a
water cycling rate of 4 cycles/h at a flow rate of 214 L/h. From the hydroponic unit, water
was pumped back to the fish rearing tank using a submersible pump (DAYLIFF, 0.25 kW,
Nairobi, Kenya, imported from China) at a flow rate of 219 L/h, thereby completing the
recirculating cycle.
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The systems were aerated with air stones to maintain dissolved oxygen levels above
4 mg/L. Environmental conditions in the greenhouse were maintained at 25 ± 2 ◦C with a
natural 12 h light: 12 h dark photoperiod. The sedimentation and gravel media grow-beds
acted as mechanical and biological filters, respectively.

2.2. Fish Rearing Conditions

Juvenile fish were acclimatized for 14 days before the experiment commenced. Each
1300 L tank was stocked with 200 juvenile fish at average initial weights of 42.6 ± 0.55 g for
Nile tilapia and 20.4 ± 0.70 g for African catfish. Fish were fed a commercial floating pellet
(De Heus LL, Long Ho district, Vinh Long province, Vietnam) containing 37% crude protein,
11% moisture, 1.0% phosphorus, 5.5% crude fat, and 2.5% calcium. Feed was administered
twice daily, at 09:00 h and 16:00 h. The daily feeding rate was maintained at 3% of fish body
weight, adjusted fortnightly according to biomass gain. Feeding was carried out manually.
Uneaten feed and solid wastes were siphoned daily, one hour after feeding, to prevent
ammonia accumulation and maintain stable water quality. At the end of the 90-day culture
period, 60 fish were sampled from each tank for the evaluation of growth performance.
Fish performance was evaluated based on weight gain (WG), specific growth rate (SGR,
%/day), daily weight gain (DWG, g), feed conversion ratio (FCR), and percentage survival
rate (SR), as indicated in the following equations as described by Kasozi et al. [20].

WG = 100 × ((FW − IW)/IW)
SGR = ((ln FW − ln IW)/T) ×100
DWG = (FW − IW)/T
FCR = DM/BMG
SR = 100 × (Nf/Ni)
whereby:
FW = average final weight (g fish−1); IW = average initial weight (g fish−1); ln

FW = the natural logarithm of the mean final weight; ln IW = the natural logarithm
of the mean initial weight; T = number of days of the growth period; DM = dry matter of
feed supplied (g); BMG = wet biomass gain (g); and Nf and Ni = final number and initial
number of fish per tank, respectively.

2.3. Lettuce Cultivation and Management

Lettuce seeds were obtained from Holland Greentech, an agricultural input supplier
in Uganda. The seeds were sown in 50-cell germination trays filled with peat moss as the
growth medium. After sowing, the trays were thoroughly watered and covered with empty
trays to enhance humidity and accelerate germination. Following seed emergence, the
trays were uncovered and seedlings were maintained under nursery conditions with daily
watering for four weeks. During this nursery period, no fertilizers or agrochemical sprays
were applied. At four weeks after emergence, healthy and uniform seedlings were selected
and transplanted onto floating rafts in each aquaponic deep-water culture (DWC) bed, at
a spacing of 15 × 15 cm between plants. Each DWC bed contained 50 plants (Figure 2).
Two successive 30-day growth cycles were conducted using nutrient-rich effluents from the
respective fish systems. A total of 25 plants from each deep-water hydroponic unit were
harvested, and growth was assessed by measuring initial and final fresh weight, weight
gain, number of leaves, leaf length and width, leaf area, and absolute growth rate (AGR).
Measurements were taken at harvest from representative plants within each replicate. The
DWC beds were cleaned between cycles to minimize microbial contamination and maintain
consistent nutrient exposure conditions.
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Figure 2. Overview of six aquaponic units integrating deep-water culture (DWC) beds planted with
lettuce and gravel media beds supporting tomato cultivation.

Absolute growth rate (AGR) was calculated using the equation described by Kasozi
et al. [21].

AGR = (M2 − M1)/T
whereby:
M2 = average final plant mass (g plant−1)
M1 = average initial plant mass (g plant−1)
T = number of days of the growth period

2.4. Water Sampling and Nutrient Analysis

Water samples were collected weekly from both fish tanks and DWC beds in sterilized
polyethylene bottles taken between 08:30 h and 09:00 h. In situ measurements of tempera-
ture, pH, dissolved oxygen (DO), electrical conductivity (EC), and total dissolved solids
(TDS) were taken using calibrated digital meters (Hanna HI-98194 multi-parameter, Cluj,
Romania and YSI Pro20 dissolved oxygen meter, Yellow Springs, OH, USA). At the end of
the
two production cycles (60 days), nutrient analyses were carried out following standard
procedures recommended by the American Public Health Association [22]. The parameters
analysed included total nitrogen (TN), total phosphorus (TP), ammonium (NH4

+), nitrate
(NO3

−), nitrite (NO2
−), and phosphate (PO4). Samples for mineral analysis were acidified

with nitric acid and analysed using atomic absorption spectrophotometry (Perkin Elmer
AAnalyst 400, Waltham, MA, USA) to determine iron (Fe), zinc (Zn), copper (Cu), calcium
(Ca), magnesium (Mg), sodium (Na), and potassium (K) concentrations.

2.5. Statistical Analysis

To avoid bias due to pseudo replication, values of individual fish per tank were
averaged prior to analysis. Results were expressed as mean ± standard deviation, and
treatment mean differences were analyzed using Student’s t-test. Statistical significance
was considered at p < 0.05. All analyses were performed using the Statistica software
package (TIBCO Software, Palo Alto, CA, USA, version 13.5.0).
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3. Results
3.1. Fish Growth Performance

Fish growth performance varied significantly between Nile tilapia and African cat-
fish systems over the 90-day culture period. The feed conversion ratio was superior in
tilapia (FCR = 1.47 ± 0.02) compared to catfish (FCR = 1.64 ± 0.06; p = 0.01). The specific
growth rate (SGR) was higher in African catfish (1.08 ± 0.18%/day) than in Nile tilapia
(0.68 ± 0.30%/day; p = 0.02). Both species recorded survival rates above 85% (Table 1).

Table 1. Fish growth parameters as means (±SD) between coupled aquaponic units with African
Catfish and Nile tilapia. Data are presented as mean ± standard deviation, obtained from triplicate
fish water tanks in the African catfish-based aquaponic system and the Nile tilapia-based aquaponic
system. An asterisk (*) indicates means that are significantly different at p < 0.05.

Parameter African Catfish Nile Tilapia p-Value

Feed conversion ratio (FCR) 1.64 ± 0.06 1.47 ± 0.02 0.01 *
Daily weight gain (DWG, g) 0.31 ± 0.06 0.35 ± 0.02 0.307
Specific growth rate (SGR, %/day) 1.08 ± 0.18 0.68 ± 0.30 0.02 *
Weight gain (WG, %) 92.38 ± 22.29 51.30 ± 2.89 0.03 *
Survival rate (SR, %) 95.8 ± 1.89 86.6 ± 10.06 0.19

3.2. Vegetative Growth of Lettuce

During the first lettuce growth cycle, plants in the tilapia-based aquaponic sys-
tem demonstrated significantly improved growth performance compared to those in the
African catfish systems (Table 2). Tilapia effluents supported higher final plant biomass
(177.6 ± 34.4 g), greater weight gain (113.1 ± 38.0 g), and higher number of leaves
(24.8 ± 6.3) than catfish effluents (141.5 ± 38.0 g, 73.3 ± 40.7 g, and 18.6 ± 3.4, respec-
tively; p < 0.01). The absolute growth rate (AGR) was also higher in the tilapia system
(4.04 ± 1.35 g/day) compared to catfish (2.6 ± 1.45 g/day; p = 0.0003).

Table 2. Growth performance of lettuce observed in two growth trials. Data are presented
as mean ± standard deviation, obtained from triplicate DWC beds in the African catfish-based
aquaponic system and the Nile tilapia-based aquaponic system. An asterisk (*) indicates means that
are significantly different at p < 0.05.

Growth Trial 1

Parameter African Catfish-Based
Aquaponic System

Nile Tilapia-Based
Aquaponic System p-Values

Initial weight (g/plant) 68.2 ± 13.4 64.5 ± 13.7 0.33
Final weight (g/plant) 141.5 ± 38.0 177.6 ± 34.4 0.0002 *
Weight gain (g/plant) 73.3 ± 40.70 113.1 ± 38.0 0.0002 *
Leaf number/plant 18.6 ± 3.4 24.8 ± 6.30 0.00001 *
Leaf length (cm/plant) 13.7 ± 1.22 14.1 ± 1.71 0.26
Leaf width (cm/plant) 11.8 ± 1.41 12.1 ± 1.50 0.32
Leaf area (cm2/plant) 162.3 ± 30.3 173.3 ± 37.4 0.22
Absolute growth rate (g/day) 2.6 ± 1.45 4.04 ± 1.35 0.0003 *

Growth Trial 2

Initial weight (g/plant) 31.6 ± 7.4 34.7 ± 6.5 0.18
Final weight (g/plant) 52.9 ± 20.2 61.8 ± 24.2 0.24
Weight gain (g/plant) 21.3 ± 21.1 27.0 ± 21.7 0.42
Leaf number/plant 11.3 ± 1.74 10.7 ± 2.32 0.43
Leaf length (cm/plant) 14.86 ± 1.58 11.34 ± 1.62 0.0001 *
Leaf width (cm/plant) 11.81 ± 1.26 7.53 ± 2.18 0.00001 *
Leaf area (cm2/plant) 165 ± 19.1 88.2 ± 33.5 0.00001 *
Absolute growth rate (g/day) 0.76 ± 0.75 0.96 ± 0.77 0.42
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In the second crop cycle, however, lettuce grown in catfish-based systems exhibited
improved morphological characteristics compared to tilapia systems. The leaf length
(14.86 ± 1.58 cm), leaf width (11.81 ± 1.26 cm), and leaf area (165 ± 19.1 cm2)
were significantly higher in catfish systems than in tilapia systems (11.34 ± 1.62 cm,
7.53 ± 2.18 cm, and 88.2 ± 33.5 cm2, respectively; p < 0.001). Although differences in
final fresh weight and AGR were not significant, the enhanced leaf morphology under
catfish effluents indicates improved nitrogen availability and utilization efficiency in the
second cycle (Table 2).

3.3. Nutrient Dynamics in Fish Tanks

Water nutrient analysis revealed significant differences between Nile tilapia and
African catfish-based systems. In the first growth cycle, tilapia rearing tanks had higher
total phosphorus (14.4 ± 2.06) than African Catfish (6.75 ± 1.0). Regarding total nitrogen,
African catfish rearing tanks had significantly higher total nitrogen (TN) compared to the
tilapia rearing tanks. In both systems, silicon dioxide (SiO2) concentrations did not differ
significantly (p > 0.05). However, during Growth Trial 2, the concentrations of TN and SiO2

were significantly higher in the African catfish-based rearing tanks compared to the Nile
tilapia-based systems (Table 3).

Table 3. Nutrient composition in fish rearing tanks and deep-water culture solution during the
two growth cycles. Data are presented as mean ± standard deviation, obtained from triplicate DWC
beds and rearing tanks in the African catfish—based aquaponic system and the Nile tilapia—based
aquaponic system. Significant differences between tilapia-based aquaponic system and African
catfish—based aquaponic system (p < 0.05) are indicated by an asterisk.

Parameter

Growth Trial 1

Fish Tank DWC

African
Catfish-Based

Aquaponic
System

Nile
Tilapia-Based

Aquaponic
System

p-Values

African
Catfish-Based

Aquaponic
System

Nile
Tilapia-Based

Aquaponic
System

p Values

TP (mg/L) 6.75 ± 1.0 14.4 ± 2.06 0.004 * 6.50 ± 0.29 12.39 ± 0.64 0.0001 *
TN (mg/L) 7.76 ± 1.54 4.65 ± 0.200 0.02 * 6.89 ± 0.32 3.34 ± 0.43 0.0003 *
SiO2 (mg/L) 0.78 ± 0.66 0.34 ± 0.05 0.31 0.94 ± 0.17 0.91 ± 0.09 0.81
PO4 (mg/L) 0.21 ± 0.01 0.17 ± 0.009 0.01 * 2.45 ± 0.06 8.60 ± 1.48 0.002 *
NO3-N (mg/L) 0.18 ± 0.06 0.17 ± 0.009 0.72 0.52 ± 0.01 0.31 ± 0.058 0.003 *
NO2-N (mg/L) 0.01 ± 0.02 0.03 ± 0.03 0.44 0.01 ± 0.001 0.02 ± 0.011 0.34
Chl_a (mg/L) 4.23 ± 0.21 4.73 ± 0.50 0.21 1.81 ± 0.19 2.38 ± 0.17 0.02 *
NH4-N (mg/L) 2.78 ± 0.58 8.51 ± 1.38 0.002 * 0.01 ± 0.0007 0.36 ± 0.62 0.37

Growth Trial 2

Parameter Fish Tank DWC

African
catfish-Based
Aquaponic

system

Nile tilapia-
BasedAquaponic

system
p-values

African
catfish-Based
Aquaponic

system

Nile tilapia-
BasedAquaponic

system
p values

TP (mg/L) 7.68 ± 1.06 8.55 ± 1.19 0.4 7.78 ± 1.50 10.74 ± 1.05 0.04 *
TN (mg/L) 22.30 ± 4.73 6.05 ± 0.90 0.004 * 21.54 ± 2.93 5.15 ± 0.76 0.0007 *
SiO2 (mg/L) 1.92 ± 0.01 2.10 ± 0.03 0.01 * 1.84 ± 0.04 1.95 ± 0.02 0.01 *
PO4 (mg/L) 2.87 ± 0.83 2.81 ± 0.87 0.92 3.05 ± 0.37 3.54 ± 0.37 0.17
NO3-N (mg/L) 1.20 ± 0.52 0.98 ± 0.65 0.68 0.60 ± 0.03 0.65 ± 0.15 0.59
NO2-N (mg/L) 0.01 ± 0.004 0.01 ± 0.001 0.76 0.02 ± 0.01 0.01 ± 0.009 0.33
Chl_a (mg/L) 1.04 ± 0.17 0.81 ± 0.26 0.27 0.87 ± 0.30 0.81 ± 0.100 0.78
NH4-N (mg/L) 0.21 ± 0.05 0.23 ± 0.01 0.47 0.05 ± 0.03 0.04 ± 0.02 0.59
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3.4. Nutrient Dynamics in Deep-Water Culture Solution

In Growth Trial 1, there were significant differences in the concentrations of TN, total
phosphorus (TP), phosphate (PO4), nitrate-nitrogen (NO3-N), and chlorophyll-a (Chl-a)
between the African catfish-based aquaponic system and the Nile tilapia-based aquaponic
system (Table 3). At the end of 30 days, TP in the Nile tilapia-based aquaponics averaged
12.39 ± 0.64 mg/L compared to 6.50 ± 0.29 mg/L in the African catfish-based system
(Table 3), while phosphate averaged 8.60 ± 1.48 mg/L in the Nile tilapia-based aquaponic
system compared to 2.45 ± 0.06 mg/L in the African catfish-based aquaponic system.

In Growth Trial 2, the African catfish system showed a marked increase in total
nitrogen (21.54 ± 2.93 mg/L) compared to tilapia (5.15 ± 0.76 mg/L; p = 0.0007), while
tilapia maintained higher TP (10.74 ± 1.05 mg/L; p = 0.04). This shift indicates greater
nitrogen mineralization and nitrification activity in catfish systems over time. These results
show that while tilapia initially enhanced phosphorus-driven growth, catfish systems
progressively enriched nitrogen, supporting morphological development during later
growth stages.

3.5. Mineral Concentrations in Fish Rearing Tanks and Deep-Water Culture Solution

There were no significant differences in the concentrations of copper (Cu), zinc (Zn),
iron (Fe), and potassium (K) in water samples collected from the tanks of the African catfish
and Nile tilapia systems (Table 4). At the end of the study, water samples from the tanks of
the African catfish had higher concentrations of magnesium (Mg), calcium (Ca) and sodium
(Na) than the Nile tilapia systems. Regarding the deep-water culture solution, tilapia-based
systems contained higher Fe concentrations in the DWC beds (0.48 ± 0.03 mg/L), while
catfish systems exhibited higher Ca (3.34 ± 0.17 mg/L), Mg (3.19 ± 1.09 mg/L), and Na
(4.48 ± 0.13 mg/L) (Table 4).

Table 4. Mineral composition from the fish rearing tanks and DWC systems. Each value is the
mean ± SD from triplicate fish tanks and DWC beds. * indicates means were significantly different at
p < 0.05.

Parameter

Fish Tanks DWC

African
Catfish Nile Tilapia p-Values African

Catfish Nile Tilapia p-Values

Copper (mg/L) 0.025 ± 0.005 0.026 ± 0.005 0.72 n.d n.d n.d
Zinc (mg/L) 0.04 ± 0.01 0.03 ± 0.005 0.37 0.14 ± 0.01 0.11 ± 0.03 0.26
Iron (mg/L) 0.32 ± 0.09 0.37 ± 0.02 0.36 0.41 ± 0.01 0.48 ± 0.03 0.02 *
Magnesium (mg/L) 3.45 ± 0.03 2.58 ± 0.1 0.0001 * 3.19 ± 1.09 3.02 ± 0.32 0.80
Calcium (mg/L) 3.03 ± 0.05 2.35 ± 0.16 0.002 * 3.34 ± 0.17 2.47 ± 0.22 0.005 *
Potassium (mg/L) 0.45 ± 0.1 0.49 ± 0.01 0.54 0.38 ± 0.11 0.48 ± 0.04 0.23
Sodium (mg/L) 4.45 ± 0.36 3.3 ± 0.22 0.009 * 4.48 ± 0.13 3.28 ± 0.31 0.003 *

n.d = not determined.

3.6. Physico-Chemical Parameters in Fish Tanks and Deep-Water Culture Systems

The physico-chemical parameters in both aquaponic systems remained within optimal
ranges recommended for fish and lettuce co-culture under tropical conditions. Mean
temperature values in both the fish tanks and DWC units ranged from 25.1 to 25.9 ◦C, with
no significant differences between the tilapia- and catfish-based systems (p > 0.05). This
temperature stability supports fish metabolic processes and promotes efficient nitrification,
both of which are critical for consistent nutrient conversion. Water pH fluctuated slightly
between 6.2 and 6.6 across systems, with no significant variation between treatments,
indicating effective biofiltration and microbial regulation. This pH range is suitable for
nutrient solubility and optimal root nutrient uptake by lettuce. Similarly, total dissolved
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solids (TDS) and electrical conductivity (EC) levels were not influenced by fish species
(Table 5).

Table 5. Comparison of water quality in the fish rearing tanks and deep-water culture systems. Each
value is the mean ± SD from triplicate fish tanks and DWC beds. * indicates means were significantly
different at p < 0.05. Mean values are followed by the range in parentheses.

Parameter
Fish Tanks DWC

African Catfish Nile Tilapia p-Values African Catfish Nile Tilapia p-Values

DO (mg/L) 5.22 ± 0.73
(4.40–5.82)

4.40 ± 0.39
(4.05–4.80) 0.2 6.74 ± 0.10

(6.63–6.83)
6.08 ± 0.09
(6.02–6.19) 0.001 *

pH 6.52 ± 0.15
(6.35–6.62)

6.20 ± 0.22
(5.96–6.42) 0.1 6.55 ± 0.104

(6.43–6.60)
6.50 ± 0.06
(6.43–6.55) 0.46

Temperature (◦C) 25.59 ± 0.43
(25.10–25.92)

25.83 ± 0.02
(25.80–25.85) 0.38 25.60 ± 0.46

(25.06–25.86)
25.63 ± 0.16
(25.45–25.77) 0.89

TDS (mg/L) 580.96 ± 41.68
(554.33–629.0)

691.10 ± 139.6
(566.67–842.17) 0.26 580.10 ± 42.24

(553.58–628.83)
683.50 ± 129.23
(565.83–882.83) 0.26

EC (mS/cm) 0.89 ± 0.06
(0.85–0.97)

1.04 ± 0.18
(0.87–1.25) 0.25 0.89 ± 0.06

(0.85–0.97)
1.105 ± 0.19
(0.88–1.27) 0.23

NH4-N (mg/L) 0.14 ± 0.04
(0.12–0.20)

0.10 ± 0.01
(0.09–0.11) 0.14 0.15 ± 0.02

(0.14–0.18)
0.11 ± 0.03
(0.07–0.13) 0.1

Dissolved oxygen (DO) concentrations were maintained above 4 mg/L in both the
fish tanks and DWC units, ensuring adequate aeration for fish, plant roots, and nitrifying
bacteria. However, DO levels were significantly higher in the catfish system’s DWC units
(6.74 ± 0.10 mg/L) compared to the tilapia system (6.08 ± 0.09 mg/L; p = 0.001). This
difference may reflect enhanced nitrification and aeration efficiency in the catfish system,
potentially linked to the species’ higher oxygen tolerance and greater water movement
driven by their activity. Overall, the stability of all measured parameters indicates effec-
tive system performance and strong bio-integration between fish and plants, providing
favourable conditions for microbial nitrifiers while minimizing physiological stress on both
aquatic and plant components.

4. Discussion
4.1. Fish Performance

The findings of this study demonstrate that the choice of fish species in aquaponic
systems significantly affects nutrient dynamics, water quality, and the overall growth
performance of lettuce under tropical conditions. Differences in fish metabolism, feeding
behaviour, and waste excretion patterns created distinct nutrient profiles in the recirculating
systems, which in turn influenced plant growth responses across production cycles. Nile
tilapia exhibited superior feed conversion efficiency (FCR = 1.47 ± 0.02) compared to
African catfish (FCR = 1.64 ± 0.06), confirming its well-documented adaptability and
efficient feed utilization in aquaponic systems [15]. The higher phosphorus and ammonium
concentrations in tilapia effluents likely resulted from their omnivorous feeding behaviour
and efficient mineral excretion, which provided readily available nutrients for lettuce
uptake during early growth stages. Tilapia exhibited a lower and more variable survival
rate (86.6 ± 10.06%) compared to catfish (95.8 ± 1.89%), which may be due to species-
specific differences in tolerance to environmental conditions. Tilapia juveniles are generally
more sensitive to fluctuations in water quality parameters such as dissolved oxygen,
temperature, and ammonia, which can increase stress and mortality. In contrast, African
catfish possess physiological adaptations such as facultative air breathing and broader
tolerance to low dissolved oxygen and sub-optimal water conditions, which generally
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confer greater resilience under variable rearing environments and likely contribute to their
consistently higher survival rates [23,24].

4.2. Lettuce Growth

During the first lettuce production cycle, plants cultivated in tilapia-based systems
attained significantly greater final fresh weight, biomass gain, and leaf number than those
grown in catfish systems. The higher shoot weight observed in the tilapia-based treatment
may be attributed to elevated phosphorus levels. Increased availability of phosphorus
and ammonium in tilapia systems likely promoted early vegetative growth by enhancing
chlorophyll synthesis, root elongation, and photosynthetic activity [25]. Similarly, Cerozi
et al. [26] reported improved lettuce growth in aquaponics due to increased phosphorus
accumulation. Furthermore, Jones et al. [10] and Estrada-Perez et al. [27] reported en-
hanced lettuce, cucumber and basil growth when irrigated with nutrient-rich effluents
derived from tilapia aquaculture. It can be hypothesized that juvenile tilapia exhibited
higher metabolic and feeding activity than African catfish, which resulted in greater fecal
output and, consequently, increased nutrient release into the water compared with African
catfish. However, in the second crop cycle, catfish systems outperformed tilapia systems
in leaf morphology, including significantly higher leaf length, width, and area. This shift
corresponded with elevated total nitrogen concentrations in the catfish systems during the
second cycle, likely driven by enhanced nitrification as the aquaponic system matured. As
system performance improves over time, the establishment and stabilization of nitrifying
microbial communities can increase nutrients in the water column [19]. Similar trends
have been reported in established aquaponic systems, where nitrogen transformations
become more efficient with successive production cycles [5]. Sebastião et al. [14] also
reported enhanced lettuce morphology and canopy development in catfish-based systems,
which was associated with increased nitrate accumulation. The reduced leaf area of lettuce
observed during growth trial 2 in the tilapia-based aquaponic system may be attributed
to a combination of nutritional factors. As plant biomass and nutrient demand increased
during the second trial, the supply of calcium, an essential element for leaf expansion
and photosynthetic development, was relatively lower in the deep-water culture units of
the tilapia-based system compared with the catfish-based system. This reduced calcium
availability may have contributed to the observed reduction in lettuce leaf area during
growth trial 2 in the tilapia-based aquaponic system.

4.3. Nutrient and Mineral Concentrations

In aquaponics, concentrations of plant-available nutrients in solution are driven by
many factors, including fish species, growth stage, stocking density, feeding rate, feed
composition, and rates of microbial nitrification [4]. The optimal nutrient levels for leafy
and fruity vegetables in aquaponics systems are not yet well established. Our study
observed elevated total nitrogen levels in catfish-based systems during the second growth
trial, likely due to enhanced nitrification activity. This is supported by the significantly
higher dissolved oxygen (DO) levels measured in both the fish tanks and DWC beds
of catfish systems (6.74 ± 0.10 mg/L) compared to tilapia systems (6.08 ± 0.09 mg/L).
Adequate oxygen availability is crucial for microbial nitrification, facilitating the oxidation
of ammonium to nitrate [28], which in turn supports sustained plant growth and improved
leaf morphology [17]. These findings suggest that fish species can indirectly influence
microbial processes and nutrient transformations, thereby affecting plant productivity. In
contrast, phosphate concentrations in the DWC units of catfish-based systems were slightly
lower than those observed in tilapia-based systems. However, phosphate levels in the
catfish systems remained just above the 1.9–2.8 mg/L range reported by Asher [29] as
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adequate for plant growth in culture solutions, indicating that nutrient availability was
sufficient to support lettuce development.

In aquaponic systems, calcium (Ca), potassium (K), magnesium (Mg), and iron (Fe) are
commonly identified as the most limiting essential nutrients for plant growth in the culture
solution [8,30]. In the present study, rearing tanks within catfish-based systems contained
significantly higher concentrations of Ca, Mg, and Na compared with those of tilapia-
based systems. This difference likely reflects species-specific variations in feed utilization,
metabolic excretion, and ion regulation, which in turn influence the ionic composition of
the recirculating water and subsequent nutrient availability to plants [8]. Calcium and
magnesium play critical roles in aquaponic plant growth, with calcium requiring continuous
availability due to its low mobility in plants, and magnesium being essential for chlorophyll
formation and photosynthesis [31,32]. Sodium, while non-essential and potentially toxic
at high concentrations, can be beneficial at low levels by supporting osmotic regulation
and partially substituting for potassium, particularly in leafy vegetables [17,32]. Overall,
the comparative results indicate that Nile tilapia-based aquaponic systems are better suited
for fast-growing crops (≤30 days) requiring rapid nutrient uptake and early yield, while
African catfish systems are advantageous for crops requiring prolonged growth periods or
morphology-driven quality. The findings also suggest that alternating or integrating both
fish species could optimize nutrient balance, enhance microbial diversity, and improve
the long-term sustainability of aquaponic systems. These results collectively reinforce the
potential of aquaponics as a climate-smart agricultural technology for tropical regions.
The balanced nutrient dynamics, stable water quality, and minimal mineral accumulation
observed in this study demonstrate the feasibility of scaling up such systems for commercial
vegetable and fish production. Future research should therefore focus on the microbial
ecology of mixed-species systems, long-term nutrient turnover, and cost–benefit analysis
to develop optimized aquaponic models suited to the needs of small- and medium-scale
tropical producers.

This study provides clear evidence that fish species selection plays a critical role in
shaping nutrient dynamics, water quality, and crop performance in tropical aquaponic sys-
tems. Under identical recirculating conditions, Oreochromis niloticus and Clarias gariepinus
produced distinct water nutrient profiles that directly influenced the growth, physiology,
and morphology of lettuce (Lactuca sativa). Nile tilapia-based systems exhibited higher
phosphorus and ammonium concentrations, which promoted vigorous early vegetative
growth, greater leaf number, and higher total biomass during the first production cycle. In
contrast, African catfish-based systems progressively accumulated total nitrogen and ni-
trate, resulting in enhanced leaf morphology, wider leaves with larger surface areas during
the second cycle. These findings confirm that tilapia systems favour phosphorus-driven,
early-cycle growth, whereas catfish systems provide sustained nitrogen enrichment that
supports long-term plant development.

4.4. Physico-Chemical Parameters

In both the African catfish and Nile tilapia rearing tanks, temperature (25.10–25.92 ◦C),
pH (5.96–6.35), and dissolved oxygen (4.40–5.82 mg/L) remained within optimal ranges
recommended for tropical aquaponic systems [30]. These stable water quality conditions
demonstrate that both fish species can be effectively integrated with plant production
under controlled environments. Ammonium–nitrogen (NH4

+–N) concentrations were
consistently below 1 mg/L throughout the study, a level considered non-toxic and therefore
not detrimental to the health or growth performance of either species [33,34]. EC and
TDS values increased over time in both systems, reflecting the release of ions from fish
feed as well as the mineralization of accumulated organic matter [5]. Despite this increase,
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both EC and TDS remained within optimal ranges for fish culture, as Reyes Yanes [34]
reported that EC values of 0.1–2.0 mS/cm and TDS levels below 1000 mg/L are desirable for
aquaponic systems.

Furthermore, dissolved oxygen levels remained above the minimum threshold of
4 mg/L required for efficient aquaponics operation, as recommended by Sallenave [35],
ensuring adequate aeration to support fish metabolism and nitrification processes. Both
EC and TDS were within the optimum range for culturing fish. In the deep-water culture
units, the catfish-based aquaponic systems recorded slightly higher dissolved oxygen levels,
which supported more efficient nitrification and enhanced nitrogen turnover. The water pH
ranged between 6.43 and 6.55, an optimal range for nutrient availability and plant growth
in aquaponic systems [35]. The electrical conductivity and total dissolved solids recorded in
both systems were within recommended limits for lettuce production, confirming balanced
nutrient mineralization and salt accumulation [36]. The higher DO and total nitrogen in
catfish systems, combined with steady pH and temperature, indicate robust biological
filtration and reduced stress on aquatic organisms.

5. Conclusions
The results demonstrate that integrating fish and hydroponics through species-

specific management can enhance nutrient recycling and resource-use efficiency. Both
Nile tilapia and African catfish exhibited considerable potential for integration into sustain-
able aquaponic systems under tropical greenhouse conditions. Tilapia-based systems are
well-suited for short-cycle leafy vegetables that require rapid biomass accumulation and
early harvest. In contrast, African catfish systems are more appropriate for plants requiring
longer growth periods, promoting enhanced morphological quality and greater nitrogen-
use efficiency. This complementary relationship between the two fish species suggests
that a combined or alternating aquaponic approach could optimize nutrient availability
across multiple cropping cycles, minimize external fertilizer input, and improve the overall
resilience. This is further supported by Yep and Zheng [8], who suggested that the use of
multiple species may be advantageous for developing a more balanced and comprehensive
nutrient profile in aquaponic systems.

These results provide a foundation for designing climate-smart aquaponic models
for tropical regions. The integration of fish species with contrasting nutrient excretion
profiles offers an opportunity to create balanced systems that support consistent crop
performance and water quality over time. To fully harness these benefits, future research
should investigate the microbial communities responsible for nutrient transformations,
evaluate long-term nutrient cycling in multi-cycle production, and assess the economic
feasibility of dual-species aquaponic systems. Additionally, integrating renewable energy
and automation technologies into these systems could enhance water- and nutrient-use
efficiency, reduce operational costs, and increase scalability for commercial and community-
level adoption.
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