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Abstract

One major bottleneck for the sustainable development of the aquaculture sector is the
reliance on conventional feed ingredients, such as fishmeal and soy protein. Another
challenge is nutrient loss from these systems, which contributes to environmental pollution
but also represents a waste of valuable resources. To make aquaculture truly sustainable, a
shift toward circular, sustainable systems is necessary. This study compared a regionally
available alternative feed, based on blue mussel meal and pea protein concentrate, to a
conventional fish meal and soybean control diet in Nile tilapia (Oreochromis niloticus) reared
in coupled aquaponic systems. Fish performance and stress levels, water quality, plant
growth, and microbial quality were investigated. Growth performance and feed intake
were similar between aquaponic and control recirculating aquaculture systems (RASs)
during the control feed (CF) phase. Only the feed conversion ratio (FCR) was slightly
lower in the aquaponic system during the mussel-pea feed (MPF) phase. Tatsoi (Brassica
rapa) growth in the aquaponic systems was comparable to, or even greater than, that of the
hydroponic control systems, throughout the experiment, especially during the MPF phase.
In addition, the MPF had a positive impact on phenotypic parameters and contributed to
enhanced shoot growth. However, the presence of pathogens with potential biohazard
impacts on human and fish health remains a concern and warrants further investigation.
In our study, Salmonella spp. was detected in both systems, but levels were considerably
reduced with the MPF phase. In contrast, Escherichia coli was detected only in RASs and was
absent from aquaponic systems. Overall, the findings support the potential of blue mussel
and pea protein as sustainable, local feed components in integrated aquaponic production,
contributing to nutrient circularity and reducing dependence on limited marine stocks and
imported resources.

Keywords: aquaculture; aquaponics; sustainable feed; blue mussel meal; pea concentrate;
Nile tilapia; tatsoi; fish growth; nutrient circularity; sustainable feed production
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1. Introduction
The global population is projected to reach 9.7 billion by 2050, an increase of ap-

proximately 2 billion people over the next 30 years [1]. With this population growth and
increased stresses on resources such as water, land, and nutrients, the demand for sus-
tainable food production becomes increasingly critical [2,3]. A rapidly advancing farming
technology that could help address this issue is aquaponics [2,4], a combination of aqua-
culture and hydroponics in a recirculating system [5]. Aquaponic systems offer several
benefits, including nutrient recovery, reduced water usage, and increased profitability
through the simultaneous production of two valuable yields [6].

According to recent data from the Food and Agriculture Organization of the United
Nations (FAO), Nile tilapia (Oreochromis niloticus) is still one of the three most farmed fish
species worldwide [1]. This species has proven suitable for aquaponic farming due to its
hardiness and adaptability, including tolerance to suboptimal water quality, robustness
under intensive culture conditions, efficient feed conversion, and compatibility with plant
nutrient requirements [7]. By integrating fish farming with plant cultivation, aquaponics
creates a closed-loop system allowing for the harvest of both crops and fish, all without the
use of soil. In aquaponic systems, fish waste becomes a nutrient source for the plants [5,8].
Fish excretes ammonium (NH4

+) as a waste product, and through the biological process of
nitrification, it is converted into nitrite (NO2

−) and, subsequently, into nitrate (NO3
−) by

beneficial nitrifying bacteria [9]. NO3
− is the most readily absorbed nitrogen (N) form by

plants, acting as a crucial nutrient for growth [10].
Most of the nutrients required by the plants in an aquaponic system are retrieved

from fish and feed waste. Nevertheless, plants require certain mineral nutrients that are
commonly deficient in fish feed and, consequently, in aquaponic systems, as they are often
poorly retained in bioavailable form due to precipitation, microbial transformation, or
uptake inefficiencies under typical aquaponic conditions [11,12]. These mineral nutrients
include macronutrients such as potassium (K), phosphorus (P), and sulfur (S), as well
as micronutrients such as manganese (Mn) and iron (Fe) [12]. Fe is especially essential
for vital processes in plants and is commonly added as a supplement [13]. One way to
achieve a water composition that meets hydroculture needs is by optimizing the fish feed
composition [14].

Traditionally, fish feed for intensive systems such as recirculating aquacultural systems
(RASs) and aquaponics has relied heavily on fish meal and fish oil derived from wild-caught
fish [15]. This practice has raised significant sustainability concerns due to overfishing
and the depletion of marine resources [16]. To reduce dependence on marine ingredients,
alternative feeds have been developed using terrestrial plant-based proteins and oils, such
as soy, corn, and wheat [15,17,18]. However, these terrestrial plant-based alternatives
present their own challenges [19]. They often require large amounts of arable land and
freshwater, which raises concerns about their environmental impact and competition with
human food crops [19].

To address these issues, researchers have increasingly focused on finding sustain-
able protein alternatives supporting environmental sustainability and optimal fish health
and growth [20,21]. Promising alternative protein sources in fish feed from low-trophic
origins include yeast, insect, and mussel meal [21–26]. The blue mussel (Mytilus edulis)
is of significant interest to local producers in finding raw materials for inclusion in the
fish diet. This is especially true for Nordic countries like Sweden, where it is one of the
major aquaculture species with an annual production of around 2000 tons [27]. Blue mus-
sels are filter-feeding mollusks that can mitigate eutrophication through the removal of
N in coastal ecosystems [28], thereby providing ecological services. In addition, mussel
biomass presents a high-quality marine protein source [29], making blue mussels a po-
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tential ingredient in aquaculture. After harvest, not all mussels are suitable for human
consumption. Undersized mussels or individuals with damaged shells are often discarded
because they do not meet size or quality standards. Although currently treated as waste,
these mussels represent a promising circular protein resource, as the meat can be recovered
and processed for incorporation into animal feeds [30]. While the use of blue mussel meal
has been explored as alternative feed ingredient primarily in marine aquaculture systems,
including cage-based and RAS for carnivorous fish species [31–33], its incorporation into
the diet of the omnivorous species Nile tilapia within an aquaponic system has not yet
been investigated.

In order to optimize aquaponic systems, it is essential to monitor plant health and
performance in relation to the fish feed composition. Tools for assessing these dynamics,
such as phenotypic assessment based on image analyses and measurements of chlorophyll
content and leaf area, are crucial. These measurements have been implemented as indicators
of plant nutritional status and stress conditions [34].

The aim of the current study is to evaluate the potential of blue mussel meal as a
sustainable feed ingredient for Nile tilapia in an aquaponic system and its impact on water
quality, nutrient availability, growth, and health of fish and plants. The study also conducts
phenotypic assessment using image analyses and evaluation of chlorophyll content and leaf
area of the plants to develop an early warning system related to abiotic and biotic stress con-
ditions. We hypothesize that fish and plant performance, growth, and health are improved
when the fish diet is based on sustainable and organic sources using blue mussel meals com-
pared to a conventional diet. With the numerous environmental benefits associated with
blue mussels, their incorporation into the food production process offers an opportunity to
evaluate and enhance the environmental sustainability of aquaponic systems.

2. Materials and Methods
2.1. Experimental Design and Treatments

The experiments involved aquaponic systems (Figure 1a), hydroponic control systems
with no fish (Figure 1b), and RAS control systems with no plants (Figure 1c). Each system
was independently replicated three times (n = 3 per system type) and ran simultaneously.
System compartments had the following volumes: fish tanks in aquaponic and RASs and
nutrient reservoirs in hydroponic control systems of 50 L; biofilters in aquaponic systems
and RASs of 70 L, containing 10% nitrifying bio media; and sump tanks in the aquaponic
system of 80 L. The aquaponics and hydroponic systems included plastic gutters measuring
155 × 13 × 5 cm (10 L) to accommodate the plants. The total volumes for each system
were as follows: aquaponics, 210 L; RASs, 120 L; and hydroponics, 60 L. Nutrient film
technique (NFT) was used, where nutrient solutions were circulated. These compartments
were also continuously aerated with air stone diffusers. Lighting was provided above the
plants using high-pressure sodium lamps with a photosynthetic photon flux density (PPFD)
emission range of 70–215 µmol m−2 s−1 in a 14:10 (light/dark) photoperiod. The mean
PPFD measured across the plant canopy was 200 µmol m−2 s−1.

Cultivation conditions in the greenhouse were monitored and maintained constant
70% relative humidity and an air temperature of 24 ◦C. Temperature was maintained using
aquarium heaters set at 25 ◦C placed in the fish tanks and biofilters in the aquaponics and
RASs (Figure 1a,c).
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(a) 

(b) 

(c) 

Figure 1. Schematic representations of the three systems: (a) aquaponic, (b) hydroponic, and (c) RAS.
Blue arrow: fish tank, purple arrow: sump tank, red arrow: biofilter, green arrow: hydroponic unit,
gray arrow: nutrient solution reservoir, and H: heater.
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The Nile tilapia and Tatsoi (Brassica rapa) were used as model organisms for fish
and crops, respectively. Tilapia is commonly used as a model fish in aquaponics and is
described as a fast-growing and robust fish with the potential to adjust to a wide range of
water conditions [35]. Tatsoi is a nutrient-rich leafy green depending on high N content
for its growth [35]. To promote initial biofiltration, both system types were initiated prior
to fish introduction using circulating water containing an active microbial inoculum. The
inoculum consisted of a mature biofilter media with nitrifying bacteria provided by the
same commercial fish farm that supplied the fish (Gårdsfisk, Åhus, Sweden). The exact
microbial composition of the inoculum was not further characterized.

The experiments were conducted in two phases with two different types of fish feed for
aquaponic systems and RASs in each phase. No washout period or system reset was applied
between the two phases. The hydroponic systems received a standard mineral nutrient
solution for hydroponic as described by Hoagland and Arnon [35], commonly referred
to as the Hoagland solution, providing NO3

−, P, K, S, calcium (Ca), and magnesium (Mg)
as macronutrients, along with trace elements including Fe, Mn, zinc (Zn), copper (Cu),
boron (B), and molybdenum (Mo). In phase 1, the used fish feed contained fishmeal and soy
protein (hereafter referred to as CF, Table 1). The aquaponic systems and RASs were stocked
with 15 fish in each fish tank with an initial weight of 7.80 ± 0.00 g (mean ± standard
deviation, SD) in aquaponic and of 7.40 ± 0.00 (mean ± SD) in RAS. Tatsoi seedlings were
introduced after fish stocking. A total of 20 seedlings were randomly distributed across the
gutter in aquaponic systems, while 10 seedlings were placed in the gutter of hydroponic
systems. To address commonly reported micronutrient deficiencies in aquaponic systems,
the plants were supplemented with 1.72 g of Fe (28.7 mg L−1, YaraTera REXOLIN® D12,
Yara International ASA, Oslo, Norway) and 24 g of MgSO4 (400 mg L−1, Epsom salt,
CAS number 7487-88-9, Merk, Darmstadt, Germany) and applied two and six weeks after
transplantation. In phase 2, the feed was changed to an alternative diet, without fishmeal
and soy protein concentrate, replaced by Baltic mussel meal and pea concentrate (hereafter
referred to as MPF, Table 1). The same fish, 15 fish in each tank of aquaponic systems and
RASs, were kept in the system and had a mean weight of 22.30 ± 1.76 in aquaponic systems
and of 21.34 ± 0.62 in RASs. New Tatsoi plants were introduced to the system as described
in phase 1. The cultivation period of each phase was four weeks.

Table 1. Ingredient composition and nutritional values of the control feed (CF) and mussel-pea
feed (MPF) (source, Aleksandar Vidakovic, SLU, Uppsala, Sweden).

Feed Ingredient (%) CF MPF

Fishmeal 9.60 -
Maize meal 11.04 5.00

Wheat gluten 10.00 10.00
Wheat meal 18.25 18.00
Potato starch 3.00 1.00

Fish oil - -
Rapeseed oil 3.00 1.73
Wheat bran - 9.11

Poultry meal 17.00 17.00
Guar gum Suncol 205 2.00 2.00

Pea concentrate (AMN-30835 IAAFD) - 15.50
Soy protein concentrate 23.00 -

Baltic mussel meal - 17.90
Choline chloride 0.01 0.01

Vitamin mineral premix 1.00 1.00
Lysine sulfate 0.30 -

DL-methionine 0.30 0.25
Monocalcium phosphate 1.50 1.50

Total 100.00 100.00
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Table 1. Cont.

Nutritional composition CF MPF

Crude protein (%) 42.66 42.83
Digestible protein (%) 38.39 38.11

Gross energy (MJ kg−1) 18.13 18.59
Digestible energy (MJ kg−1) 15.32 15.19

Crude fat (%) 7.62 7.61
Lysine (g kg−1) 25.79 28.43

Methionine (g kg−1) 10.15 10.42
Phosphorous (%) 1.38 1.26

DP:DE 2.51 2.51
Digestible phosphorous 0.97 0.89

Iron (Fe) 76.84 72.71
Magnesium (Mg) 0.13 0.14

2.2. Water Quality

Temperature, pH, electrical conductivity (EC), and total dissolved solids (TDSs) were
measured daily in the fish tanks of both aquaponic systems and RASs, as well as in the
hydroponic water reservoirs in hydroponic systems, using a multiparameter probe (Combo,
Hanna Instruments, Woonsocket, RI, USA). In addition, water quality was monitored
twice a week using commercial photochemical test kits (Hach Lange GmbH, Düsseldorf,
Germany). The concentrations of NH4

+, NO2
−, and NO3

− were measured with test
kits LCK303, LCK341, and LCK339, respectively, using a DR3900 spectrophotometer
(Hach Lange GmbH, Düsseldorf, Germany). Water consumption was measured, and the
tanks were filled up accordingly with freshwater weekly. Additionally, water samples
from the fish tanks, biofilters, and hydroponic units were analyzed by LMI commercial
laboratory (Helsingborg, Sweden) using Spurway analysis methods for quantifying the
concentration of micro- and macronutrients at the beginning, middle, and end of each of
the experimental phases.

2.3. Fish Growth, Biometrics, and Cortisol Analysis

Initial, intermediate, and final biometric measurements were conducted across all the
experimental phases. Prior to each sampling event, fish were fasted for 24 h. For sedation,
2 L of water from each system was transferred into a bucket with 50 mg L−1 tricaine
methanesulfonate (MS-222, Finquel®, Argent Chemical Laboratories, Redmond, WA, USA),
buffered with calcium carbonate (CaCO3) to maintain a pH of 6.8–7.0. Once visibly sedated,
fish were weighed, measured (fork length), and then transferred to a recovery bucket with
continuous aeration until all fish had been measured and fully recovered.

At the final biometry of the phase with the MPF, after a 24 h fasting period, fish were
anesthetized with 0.012 mg L−1 metomidate hydrochloride (Aquacalm, Syndel, Nanaimo,
BC, Canada) dissolved in water for deep sedation. From each system, eight fish were
sampled for blood sampling and subsequent plasma cortisol analysis. Fish were chosen to
be representative of the tank population, with body weight close to the system’s mean and
no visible sign of severe injury. Once deeply anesthetized, fish were weighed, measured,
and subsequently euthanized with a sharp blow to the head.

Blood samples were then collected via caudal vessel puncture using a 23-gauge-needle
and a 1 mL heparinized syringe to prevent coagulation. Samples were transferred into
0.5 mL Eppendorf tubes and centrifuged at 10,000 rpm for 5 min. The resulting plasma was
aliquoted into new tubes and frozen on dry ice before storage at –80 ◦C for later analysis.
The remaining fish were sedated using MS-222 protocol as previously described, then
weighed and euthanized to conclude the trial.

For the growth parameters, the following growth performance indices were calculated
after the feeding trial, averaged per experimental tank, experimental type of system, and
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per fish, where applicable. Using the initial weight (WI), final weight (WF), duration of the
trial in days (d), feed consumption (FC), weight gain (WG), number of fish at the start (FI),
and at the end (FF) of the feeding trial, weight gain (WG) (1), specific growth rate (SGR) (2),
feed conversion ratio (FCR) (3), and survival (4) were calculated as follows:

WG (weight gain, g) = WF − WI (1)

SGR (specific growth rate, %W day−1) = ((ln(WF) − ln(WI))/d) × 100 (2)

FCR (feed conversion ratio) = FC/WG (3)

Survival (%) = (FF/FI) × 100 (4)

A radio immuno-assay (RIA) was used to determine cortisol concentrations in the
plasma of fish as described by [36] using a cortisol antibody validated by [37].

2.4. Plant Growth Measurements

Plant growth was monitored weekly throughout all experimental phases. All plants
were measured using 15 plants in the aquaponic systems and nine plants in the hydroponic
systems. Plant height (cm) was recorded. At the final plant biometric sampling, eight
plants were selected and separated into roots and leaves. Each plant part was wrapped in
aluminum foil and weighed to determine wet weight, then dried in a drying oven at 70 ◦C
for five days, after which the dry weight was measured.

2.5. Phenotypic Assessment of Plants

At harvest, the phenotypic assessment was performed using 10 plants in each
aquaponic and hydroponic system. The quantum yield (QY) was assessed through mea-
suring chlorophyll fluorescence using a portable modulated fluorometer (FP-100, Chl
Fluorometer, Heiz Walz GmbH, Inc., Effeltrich, Germany), with the middle portions of ma-
ture, healthy, fully expanded tagged leaves at ambient temperature in plants dark-adapted
for 15 min [38]. Leaf chlorophyll content was measured using a chlorophyll meter (SPAD-
502; Minolta Camera Co., Osaka, Japan). Measurements were taken from three mature
leaves located in the middle to upper canopy of each plant, and the values were aver-
aged. For computer visualization, the analyses were conducted using a camera (Canon
EOS1300D RGB digital single-lens reflex camera, mounted with a Canon EF-S 18–55 mm
STM lens, Canon USA Inc., Huntington, NY, USA), and the image acquisition of the plants
was captured with a Canon EF-S 18–55 mm STM lens from a top view angle. The image
analysis was performed using ImageJ software (Version 1.54p) by following the procedure
described in [39].

2.6. Microbial Analysis

The water samples for microbial analyses were collected at the end of each phase.
An amount of 50 mL was centrifuged, and the pellet was suspended in 750 µL
RNA/DNA shield (Zymo Research Europe GmbH, Freiburg, Germany). DNA and
RNA were extracted with a Zymobiomics DNA/RNA miniprep Kit (Zymo Research
Europe GmbH, Freiburg, Germany) following the manufacturer’s protocol. Quantifi-
cation of the nitrification bacteria in the biofilter was based on the assessment of us-
ing Comammox amoA primers (comaA-244 F:TAYAAYTGGGTSAAYTA and comaA-
659 R:ARATCATSGTGCTRTG), as described by [40]. Oomycetes in the hydroponic com-
partments were assessed using the forward primer ITS1-O (F:CGGAAGGATCATT-ACCAC)
and the reverse primer 5.8s-O-Rev (R:AGCCTAGACATCCACTGCTG), as described
by [41]. In the fish tanks, the primers E. coli Z3276 (F:GCACTAAAAGCTTGGAGCAGTTC;

https://doi.org/10.3390/su18010143

https://doi.org/10.3390/su18010143


Sustainability 2026, 18, 143 8 of 18

R:AACAATGGGTCAGCGGTAAGGCTA) and iroB (F:TGCGTATTCTGTTTGTCGGTCC;
R:TACGTTCCCACCATTCTTCCC) were used for Escherichia coli and Salmonella spp., re-
spectively [42,43]. Assessments were performed using the automated QX200TM Droplet
DigitalTM PCR system (Bio-Rad, Hercules, CA, USA) [44]. A reaction mix composed of
10 µL QX200 EvaGreen Digital PCR Supermix, 0.5 µL each of forward and reverse species-
specific primers, 7 µL of DNase/RNase free MilliQ water, and 2 µL of cDNA sample was
prepared (final volume 20 µL). Samples were placed in the automated droplet generator.
The plate containing droplets was sealed with pierceable aluminum foil using a PX1 PCR
plate sealer (Bio-Rad, Hercules, CA, USA) set to 180 ◦C for 5 s. The plate was then moved to
a Touch Thermal Cycler (Bio-Rad, Hercules, CA, USA) and run with the following thermal
conditions: enzyme activation 95 ◦C for 5 min following by 40 cycles of denaturation at
95 ◦C for 30 s, annealing and extension for 1 min with the temperature specific for the
primer used. The procedure ended with signal stabilization at 4 ◦C for 5 min and 90 ◦C for
5 min and infinite hold at 4 ◦C. After thermal cycling, the plate was placed in a QX droplet
reader (Bio-Rad, Hercules, CA, USA). QuantaSoftTM software (Version 1.7) was used to run
the instrument and analyze the data.

2.7. Ethical Conditions

The experiments were based on the permissions approved by the Swedish Board of
Agriculture with permission number Dnr 5.2.18-10997/2024 for the ethical use of fish and
permission number 2023-11-22 6.2.18-17898/2023 for the use of greenhouse facilities for
experiments with fish.

2.8. Statistical Analysis

Statistical analyses were performed using SPSS (Version 29.0, IBM, Armonk, NY, USA).
For comparisons between two treatment groups, independent-samples Student t-tests were
used. Welch’s correction was applied when Levene’s test indicated unequal variances. For
comparisons involving more than two groups, one-way ANOVA was performed. When
ANOVA indicated significant differences, post hoc pairwise comparisons were conducted
using the Bonferroni correction. Normality of the data was assessed using the Shapiro–Wilk
tests and by examining the residuals. Homogeneity of variances was checked with Levene’s
test. Data were log10-transformed when normality assumptions were violated, and Welch’s
correction was applied if variances were unequal. All tests used a 95% confidence interval,
and statistical significance was set at p < 0.05.

3. Results
3.1. Water Parameters

Water parameters are presented in Table 2. Water temperature remained stable at the
temperature set on the heaters (25 ◦C) in both aquaponic systems and RASs throughout all
phases. In contrast, hydroponic systems, without additional heating systems, consistently
maintained lower temperatures across the entire experimental period (21.5 ◦C). pH levels
were relatively low in all systems, with the hydroponic systems reaching the lowest levels in
both phases. EC and TDSs displayed similar patterns, with higher levels in the hydroponic
systems across all phases. The addition of the Hoagland solution in the hydroponic systems
increased the ionic strength of the water and, consequently, the EC and TDSs in these
systems. Meanwhile, aquaponic systems and RASs maintained lower, comparable levels
that gradually increased over time.
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Table 2. Overview of the measured water parameter variables: temperature, pH, electrical conductiv-
ity (EC), and total dissolved solids (TDSs). Measurements were taken daily during the CF (31 days)
and the MPF (33 days) phases in the aquaponic, RAS, and hydroponic systems. Data are presented
as mean (±SD) of n = 3 independent systems per treatment. Superscript letters indicate significant
differences between treatments (p < 0.05, one-way ANOVA followed by Bonferroni post hoc test).
Significant p-values in the table are highlighted in bold.

CF Aquaponic RAS Hydroponic p-Value

Temperature (◦C) 25.77 (0.27) a 25.41 (0.13) a 21.48 (0.29) b F(2, 6) = 294.535, p < 0.001
pH 5.95 (0.10) a 6.12 (0.09) a 4.26 (0.11) b F(2, 6) = 302.282, p < 0.001

EC (mS cm−1) 0.43 (0.01) a 0.41 (0.02) a 2.08 (0.03) b F(2, 6) = 8639.550, p < 0.001
TDS (mg L−1) 218.52 (2.16) a 210.63 (3.61) a 1045.35 (19.26) b F(2, 6) = 10,289.663, p < 0.001

MPF Aquaponic RAS Hydroponic p-Value

Temperature (◦C) 25.82 (0.30) a 25.66 (0.16) a 21.47 (0.27) b F(2, 6) = 293.620, p < 0.001
pH 5.51 (0.04) a 5.39 (0.26) a 4.33 (0.23) b F(2, 6) = 31.970, p < 0.001

EC (mS cm−1) 0.60 (0.04) a 0.65 (0.01) a 2.14 (0.02) b F(2, 6) = 3634.914, p < 0.001
TDS (mg L−1) 300.38 (21.28) a 324.58 (6.59) a 1068.36 (11.62) b F(2, 6) = 2717.168, p < 0.001

Water levels of nitrogenous waste are presented in Table 3. In both phases, there was
no difference in terms of NH4

+, although aquaponic systems had a tendency to experience
relatively higher NH4

+ levels than RASs in the CF phase. NO2
− levels remained low and

similar in both systems during the CF phase but were significantly higher in the MPF phase
in aquaponic systems (0.13 ± 0.01 mg L−1) compared to the RASs (0.06 ± 0.04 mg L−1),
while remaining within tolerable levels for Nile tilapia [45]. NO3

− concentrations increased
steadily across all phases in both aquaponic systems and RASs, indicating the successful
establishment of the nitrification process. NO3

− kept on accumulating in both systems,
with RASs consistently showing significantly higher values than aquaponic systems in both
CF (27.61 ± 0.66 mg L−1 vs. 20.62 ± 1.43 mg L−1) and MPF phases (51.26 ± 1.07 mg L−1

vs. 39.14 ± 3.20 mg L−1).

Table 3. Water concentrations of nitrogenous wastes (NH4
+, NO2

−, and NO3
−) in fish tanks of

aquaponic systems and RASs during the CF and MPF phases. Data are presented as mean (±SD) of
n = 3 independent systems per treatment. Superscript letters indicate significant differences between
treatments (p < 0.05, t-test, (S) = Student t-test, assuming equal variances, (W) = Welch t-test for
unequal variances). Significant p-values in the table are highlighted in bold.

CF Aquaponic RAS p-Value

NH4
+ (mg L−1) 2.62 (0.00) 1.68 (0.38) (W) t(2.001) = 4.245, p = 0.051

NO2
− (mg L−1) 0.05 (0.02) 0.07 (0.02) (S) t(4) = −0.778, p = 0.480

NO3
− (mg L−1) 20.62 (1.43) a 27.61 (0.66) b (S) t(4) = −7.696, p = 0.002

MPF Aquaponic RAS p-Value

NH4
+ (mg L−1) 1.40 (0.19) 1.45 (0.59) t(4) = −0.120, p = 0.448

NO2
− (mg L−1) 0.13 (0.01) a 0.06 (0.04) b (S) t(4) = 3.165, p = 0.034

NO3
− (mg L−1) 39.14 (3.20) a 51.26 (1.07) b (S) t(4) = −6.213, p = 0.003

3.2. Fish Growth, Biometrics, and Cortisol Analyses

The mean weight of fish, individual weight gains, SGR, and FI were comparable in
both systems during both phases (Table 4). The FCR was comparable between aquaponic
systems and RASs in the CF phase (0.62 ± 0.08 and 0.64 ± 0.03, respectively), whereas in
the MPF phase, the FCR was higher in aquaponic systems than in RASs (1.07 ± 0.14 and
0.81 ± 0.04, respectively).
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Table 4. Growth performance, feed utilization, and survival of Nile tilapia in the aquaponic systems
and RASs during the CF and MPF phases. Data are presented as mean (±SD) of n = 3 independent
systems per treatment. Superscript letters indicate significant differences between treatments (p < 0.05,
t-test, (S) = Student t-test, assuming equal variances, (W) = Welch t-test for unequal variances).
Significant p-values in the table are highlighted in bold.

CF Aquaponic RAS p-Value

Initial individual (g) 7.80 ± 0.00 7.40 ± 0.00 n.a 1

Final individual (g) 22.30 ± 1.76 21.34 ± 0.62 (S) t(4) = 0.888, p = 0.424
Individual weight gain (g) 14.50 ± 1.75 13.94 ± 0.62 (S) t(4) = 0.517, p = 0.632

SGR (% day−1) 3.49 ± 0.26 3.52 ± 0.10 (S) t(4) = −0.221, p = 0.836
FI (g tank−1) 134.39 ± 1.68 133.37 ± 1.05 (S) t(4) = 0.887, p = 0.425

FCR 0.62 ± 0.08 0.64 ± 0.03 (S) t(4) = −0.291, p = 0.785
Survival (%) 100.00 ± 0.00 100.00 ± 0.00 n.a 1

MPF Aquaponic RAS p-Value

Initial individual (g) 22.30 ± 1.76 21.34 ± 0.62 (S) t(4) = 0.888, p = 0.424
Final individual (g) 44.56 ± 2.32 45.67 ± 0.93 (S) t(4) = −0.767, p = 0.486

Individual weight gain (g) 22.26 ± 1.03 24.33 ± 1.50 (S) t(4) = −1.964, p = 0.121
SGR (% day−1) 2.16 ± 0.12 2.38 ± 0.15 (S) t(4) = −1.926, p = 0.126

FI (g tank−1) 291.88 ± 5.13 296.30 ± 2.98 (S) t(4) = −1.288, p = 0.267
FCR 1.07 ± 0.14 a 0.81 ± 0.04 b (S) t(4) = 3.043, p = 0.038

Survival (%) 91.11 ± 3.84 100.00 ± 0.00 (W) t(2.000) = −4.000, p = 0.057
1 No statistical test performed due to zero variance.

At the end of the MPF phase, the mean cortisol concentrations in aquaponic systems
and RASs were 28.70 ± 21.07 ng mL−1 and 30.99 ± 11.30 ng mL−1, respectively, with no
significant differences observed between the system types (Student t-test, t(4) = −0.167,
p = 0.876).

3.3. Plant Growth

Distinct growth patterns were observed between aquaponic and hydroponic systems
across all experimental phases (Figure 2). In the CF phase, there was no difference be-
tween the two systems. During the MPF phase, significant differences were observed
throughout the entire period (day 11 to day 28), with aquaponic systems demonstrating
markedly greater growth performance. By the end of the feeding trials, mean plant height
in aquaponic systems reached 14.00 ± 1.60 cm with the CF (day 24) and 14.31 ± 0.40 cm
with the MPF (day 28). In contrast, hydroponic systems reached lower final heights of
12.04 ± 0.59 cm and 5.48 ± 0.85 cm, respectively.

(a) (b) 

Figure 2. Plant height (cm) of Tatsoi in aquaponic and hydroponic systems during the CF ((a), 24 days)
and MPF ((b), 28 days) phases. For both phases, each system had the following number of plants:
aquaponic, n = 15; hydroponic, n = 9. Each system type included three replicates; data are presented as
mean (±SD, n = 3). Asterisks indicate significant differences between groups, p < 0.05 (Student t-test).
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3.4. Phenotypic Assessment of the Plant

Assessment of plant growth and physiological traits at the end of each feed experiment
indicated significant differences between the plants grown in aquaponic systems compared
with hydroponic systems (Table 5). During both phases, the shoot growth was higher in
aquaponic systems compared with hydroponic systems. These differences were already
visible during the CF phase (18.53 ± 2.71 g vs. 11.61 ± 1.91 g) but even more pronounced
during the MPF phase (15.07 ± 1.77 g vs. 1.29 ± 0.33 g). The chlorophyll content (SPAD)
was higher in aquaponic systems during the MPF phase only (44.81 ± 0.60 vs. 37.50 ± 1.58),
while no effects on root weight or QY were observed in any of the phases.

Table 5. Shoot fresh weight, root fresh weight, chlorophyll content (SPAD), and quantum yield (QY)
of Tatsoi plants cultivated in aquaponic and hydroponic systems during the CF and MPF phases.
Data are presented as mean (±SD) of n = 3 independent systems per treatment. Superscript letters
indicate significant differences between treatments (p < 0.05, t-test, (S) = Student t-test, assuming
equal variances, (W) = Welch t-test for unequal variances). Significant p-values in the table are
highlighted in bold.

CF Aquaponic Hydroponic p-Value

Shoot fresh weight (g) 18.53 ± 2.71 a 11.61 ± 1.91 b (S) t(4) = 3.610 p = 0.023
Root fresh weight (g) 43.70 ± 8.77 58.22 ± 2.45 (S) t(4) = −2.762 p = 0.051

SPAD 36.87 ± 1.35 37.59 ± 3.64 (S) t(4) = −0.319 p = 0.766
QY 0.80 ± 0.01 0.79 ± 0.00 (S) t(4) = 0.000 p = 1.000

MPF Aquaponic Hydroponic p-Value

Shoot fresh weight (g) 15.07 ± 1.77 a 1.29 ± 0.33 b (W) t(2.139) = 10.856 p = 0.007
Root fresh weight (g) 20.29 ± 2.36 21.28 ± 1.29 (S) t(4) = −0.635 p = 0.560

SPAD 44.81 ± 0.60 a 37.50 ± 1.58 b (S) t(4) = 7.503 p = 0.002
QY 0.79 ± 0.00 0.79 ± 0.01 (S) t(4) = 0.500 p = 0.649

3.5. Microbial Quality

No quantifiable levels of Oomycetes were detected using ddPCR analyses. On the
other hand, Salmonella spp. were detected in fish tanks in both RASs and aquaponic systems
during both experimental phases (Table 6). However, the number of copies and thereby the
amount of these bacteria was always lower in aquaponic systems compared to RASs, and
when the MPF was used in either phase (Table 6). A limited amount of E. coli was detected
only in RASs during the CF phase. No E. coli was detected for either system during the
MPF phase.

Table 6. ddPCR analyses of the occurrence of Salmonella spp. and E. coli bacteria in the fish tank
of aquaponic systems and of RASs using CF and MPF. Data are presented as mean (±SD) of n = 3
independent systems per treatment. Superscript letters indicate significant differences between
treatments (p < 0.05, t-test, (S) = Student t-test, assuming equal variances, (W) = Welch t-test for
unequal variances). Significant p-values in the table are highlighted in bold.

CF Aquaponic RAS p-Value

Salmonella spp. (copies µL−1) 29.73 ± 0.35 a 53.03 ± 0.15 b (S) t(4) = −105.363 p < 0.001
Escherichia coli (copies µL−1) 0.00 ± 0.00 a 3.44 ± 0.10 b (W) t(2.000) = −58.111 p < 0.001

MPF Aquaponic RAS p-Value

Salmonella spp. (copies µL−1) 18.73 ± 1.32 a 29.73 ± 0.12 b (S) t(4) = −14.368 p < 0.001
Escherichia coli (copies µL−1) 0.00 ± 0.00 0.00 ± 0.00 n.a 1

1 No statistical test performed due to zero variance.

4. Discussion
This study explored the use of blue mussel meal and pea protein as sustainable

alternatives to conventional fish feed ingredients in aquaponic systems with Nile tilapia
and Tatsoi as model organisms. Growth performance and feed utilization indices were
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comparable between aquaponic systems and RASs during the CF phase. Despite a better
FCR in RASs (0.81± 0.04) compared to aquaponics (1.07 ± 0.14), corresponding to a
24.3% improvement, the other feed utilization and growth performance parameters were
similar during the MPF phase between RASs and aquaponic systems. In the CF phase, SGR
were relatively high while FCR were low. In contrast, during the MPF phase, SGR decreased
while FCR increased. These changes can be attributed to the natural progression of fish
size and life stage, reflecting decreased feed efficiency with age and size, as previously
observed in Nile tilapia [46]. During the CF phase, fish were smaller, exhibiting higher
metabolic efficiency and faster growth rates, resulting in lower FCR values. As the fish
grew larger in the MPF phase, growth rates naturally declined, and maintenance energy
demands increased, contributing to lower SGR and higher FCR [46,47]. Overall, the FCR
values obtained in the present study fall within, and in some cases below, the lower range
of values reported for Nile tilapia in both RASs and aquaponic systems. Reported FCRs in
aquaponic systems typically range from 0.72 in fry [48] to 1.14–1.47 in fingerlings [49–51]
and up to 1.60–1.62 in juvenile fish [50,52]. RAS studies report FCR as low as 0.65 in
fry [48] and 1.27–1.78 in fingerlings [53]. The inclusion of pea concentrate in the diet led to
FCRs of 0.90–1.06 [54]. In this context, the FCR obtained with the CF diet (0.62–0.64) can
be considered particularly low and comparable to the best values reported for fry under
optimized conditions, whereas the MPF treatment (0.81–1.07) falls within the lower-to-mid
range reported for fingerling and juvenile Nile tilapia. Thus, the FCRs observed in this
study are indicative of efficient feed utilization and are equal to or better than most values
reported in comparable RASs and aquaponic production systems.

Moreover, productivity in the farming of Nile tilapia is influenced by several envi-
ronmental and management factors, including temperature, pH, dissolved oxygen, feed-
ing rate, and stocking density [55,56]. Optimal growth and feed efficiency in tilapia are
achieved at the upper end of their preferred temperature range (27–32 ◦C) [55]. The water
temperature remained stable at approximately 25 ◦C in both aquaponic systems and RASs
throughout both experimental phases, which could be considered rather low for optimal
growth, although it is a compromise for the well-being of the plants as well [7].

While Nile tilapia can tolerate a broad pH spectrum, optimal growth performance
and FCR are typically observed within a pH range of 6–9 [55,57]. During the CF phase, pH
levels averaged around 6, whereas during the MPF phase, pH declined to approximately
5–5.5 in both systems. This is a trend commonly observed in closed systems due to ongoing
nitrification and limited buffering capacity [58]. Although suboptimal pH may influence
fish physiological performance, including growth, no direct correlation analysis was con-
ducted in the present study, and other factors, such as differences in diet composition and
digestibility, could have played a role and should be investigated in more detail in future
studies. Nonetheless, the growth performance and feed efficiency results from this study
aligned with values reported in the literature, indicating that the experimental trials were
successfully conducted and that both system types provided suitable rearing conditions for
Nile tilapia.

The dietary shift to an alternative protein source in the MPF phase may have further
influenced nutrient digestibility and feed utilization efficiency, although these effects were
not assessed in this study. Previous findings for inclusion of mussel meal in aquafeeds
showed that the responses vary considerably among species, underscoring the importance
of species-specific evaluations. In species such as Atlantic salmon (Salmo salar), rainbow
trout (Oncorhynchus mykiss), turbot (Scophthalmus spp.), and Japanese flounder (Paralichtys
olivaceus), diets containing blue mussel meal at inclusion levels between 10 and 25% have
proven effective in maintaining growth performance, feed acceptance, and nutritional
quality [31,33,59–61].
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Pea protein has likewise been studied as a fishmeal replacement. In Nile tilapia, up to
30% pea protein was included without compromising growth performance [54]. Similar
success has been reported with 20% inclusion in Rainbow trout, Atlantic salmon, and
gilthead sea bream (Sparus aurata) [62–64], while European seabass (Dicentrarchus labrax)
tolerated replacements of up to 60% [65]. A combined diet containing 17.90% blue mussel
meal and 15.50% pea protein concentrate in this study resulted in slightly lower growth
performance and feed utilization compared to a conventional fishmeal- and soy protein-
based diet. Nevertheless, the outcomes remain within the range of values reported in the
existing literature, suggesting that these alternative ingredients hold potential as sustainable
feed components for use in RASs and aquaponic systems, provided the formulation is
further fine-tuned.

Plasma cortisol levels serve as a key indicator of stress in fish, as cortisol is a primary
hormonal response to both acute and chronic stressors [66]. Since the fish were too small
to draw blood from up until the end of the MPF phase, we could only assess this stress
parameter during this phase. The mean plasma cortisol concentrations for Nile tilapia
at the end of the MPF phase were 28.70 ± 21.07 ng mL−1 in aquaponic systems and
30.99 ± 11.30 ng mL−1 in RASs, which is in accordance with levels described in other
studies. Basal plasma cortisol levels in tilapia range from 10 to 40 ng mL−1 [67–69]. Overall,
cortisol concentrations in both aquaponic systems and RASs were low and did not differ
significantly between system types, suggesting that the rearing environment in both systems
was generally conducive to maintaining fish welfare. Nonetheless, the observed intra-
system variation highlights the importance of considering individual tank conditions when
evaluating fish welfare in aquaponic and RAS setups.

The relatively high, but still well within tolerable levels for Nile tilapia, NO2
− levels

observed in the aquaponic tanks during the MPF phase may have resulted from a temporary
biofilter imbalance following the switch of diet. Since NH4

+ levels remained stable during
this phase, the transient accumulation likely resulted from a short-term reduction in NO2

−

removal rather than increased N input. However, the observed levels remained low
and well within tolerable ranges for Nile tilapia [45]. There was a clear difference in
NO3

− accumulation between the fish rearing system types, with higher levels observed in
RASs (23.6%) due to the absence of plants to absorb excess nutrients [5,70]. In aquaponic
systems, plant uptake contributes to the regulation of NO3

− concentrations, supporting a
more balanced and sustainable nutrient environment [49]. In contrast, NO3

− accumulation
in RASs can reach potentially harmful levels, posing a risk to fish health, feed intake, and
growth [71]. Although in the scope of this study, no such tendencies were observed.

In the present study, comparable plant yields and quality were observed in both
systems during the CF phase. However, during the MPF phase, significant differences
emerged, with hydroponic systems showing lower growth performance compared to
the aquaponic systems, with a mean biomass accumulation of 1.29 ± 0.33 g per plant,
corresponding to a 91.4% reduction in biomass accumulation relative to the aquaponic
systems. This decline could be likely linked to an initial underdosing of the Hoagland
solution; following its renewal after ten days, plant growth started to improve, indicating
previous limitations in nutrient availability. Nutrient management in hydroponic systems
can be challenging, as imbalances may arise if the chemical composition is not carefully
monitored and maintained [72]. Since the nutrient solution in hydroponic systems was
replaced at the start of each phase, these systems may have been more prone to instability.
In contrast, aquaponic systems maintained a more stable nutrient environment, gradually
building up nutrient concentrations over time. This suggests that the aquaponic system
inherently provided a more consistent nutrient supply due to fish-driven nutrient input.
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Furthermore, the MPF diet may have influenced nutrient availability in aquaponic
systems, particularly for nutrients linked to photosynthetic performance such as N and
Fe [13,73], thereby contributing to the positive responses on parameters assessed by pheno-
typic analyses. The improved shoot growth and SPAD indicate an enhanced photosynthetic
efficiency, suggesting that the conditions in aquaponic systems with MPF can promote
photosynthetic performance towards yield improvement [74]. SPAD measurements also
indicated a potential to reduce leaf damage under stress conditions [75] when aquaponics
is conducted using MPF as designed in the current study. Previous studies have also
reported a similar positive effect of MPF on plant and fish growth and nutrient content in
aquaculture [76].

The microbial quality in an aquaponic system with respect to the presence of pathogens
is crucial. In the current study, the occurrence of plant pathogens related to the fungal group
Oomycetes could not be detected either in aquaponic or in hydroponic systems, where the
risk for their spread in hydroponic systems is high [77]. This might indicate the suppressive
conditions towards pathogens related to the fungal group Oomycetes in the investigated
systems. On the other hand, the conditions in aquaponic systems and RASs indicated the
occurrence of pathogens related to human and fish health (Salmonella spp.) [44]. These
results need further investigation and risk assessment related to food safety. However,
the results obtained showed a reduction in the number of these pathogens in aquaponic
systems compared with RASs and in aquaponic systems with MPF compared with CF. This
might indicate the potential of cultivation conditions in aquaponic systems using MPF to
suppress the occurrence and spread of these pathogens. E.coli were only detected during
the CF phase in RASs, at very low concentrations [78]. The absence of detectable E. coli in
the aquaponic systems suggests that environmental conditions within these systems may
inhibit the presence or survival of these bacteria and warrant further investigation.

5. Conclusions
The comparable or even improved plant growth observed in aquaponic systems

during the MPF phase suggests that the inclusion of blue mussel meal and pea protein in
fish diets may have supported nutrient release conducive to plant uptake. These findings
provide promising evidence for the use of this alternative, more sustainable aquafeed in
integrated aquaponic systems.

Taken together, the findings of this study demonstrate that aquaponic systems can
support both fish welfare and plant productivity when alternative protein sources such
as blue mussel meal and pea protein are used in the feed. While growth performance and
feed efficiency were slightly reduced in aquaponic systems compared to RASs, particularly
during the MPF phase, plant growth in aquaponic systems remained stable and, in some
cases, superior to that in hydroponic units. This suggests a trade-off between fish and plant
performance that may be managed through careful system design and nutrient balancing.
Furthermore, microbial community dynamics and stress indicators such as plasma cortisol
supported the conclusion that both system types provided generally suitable rearing
conditions. Nonetheless, working with small fish presents several limitations, particularly
in terms of handling sensitivity and growth variation. Variability among replicates and
compartments highlights the importance of system-specific monitoring, particularly during
transitional phases. Future studies should explore the long-term effects of alternative
feeds, the development of beneficial microbial communities, and the optimization of
environmental parameters for integrated production.
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