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Abstract: Aquaponics is currently undergoing a transformation into an intensive food production
system. The initially applied systems focused on small-scale, fish-centric coupled (CAP, the aquacul-
ture, and the hydroponic units are arranged in a single loop, and the water flows continuously from
the fish tanks to the plant unit and back) aquaponics. More recently, the primary area of research
interest has shifted toward larger-scale, plant-centric decoupled (aquaculture and hydroponics units
are arranged in a multi-loop setup as separate functional units that can be controlled independently)
systems, aiming to achieve greater economic benefits and employ more environmentally friendly
practices. The objective of this study was to address gaps in the expansion of decoupled larger-scale
aquaponics and to provide a comprehensive understanding of the water and nutrient flow in the
system. For this purpose, experiments were performed in a greenhouse on CAP and DCAP systems,
while this study also included measurements in a pure hydroponic system (HP). This study presents
an assessment of the water and nutrient flow in four different crops: basil; cucumber; parsley; and
tomato, all co-cultivated with a tilapia aquaculture system. Significant nutrient deficiencies and im-
balances were identified in the CAP solution, leading to pronounced impacts on nutrient assimilation,
particularly for fruiting vegetables. However, the average nutrient use efficiency (NUE) for nitrogen,
phosphorous, potassium, and calcium was found to be 42% higher in the CAP treatment compared
to HP and DCAP treatments. The nutrient solution in the DCAP treatment did not exhibit differences
in water quality parameters and nutrient efficiency when compared to HP, resulting in similar effects
on nutrient assimilation. Nonetheless, it was observed that DCAP plants exhibited superior NUE
compared to HP plants.

Keywords: aquaponics; nutrient solution; basil; parsley; cucumber; tomato; tilapia

1. Introduction

Aquaponics is a system where water is recirculated in a closed cycle to grow both
aquatic organisms and plants. The majority of nutrients (>50%) used to fertilize the plants
in those systems are derived from waste originating from aquatic organisms [1]. Within the
water cycle, fish provide ammonia to the bacteria colony, and bacteria provide nitrates to
the plants. The water flow is responsible for the transport of nitrogen and other nutrients
to each organism’s compartment.

Aquaponics has been under research as a protein-intensive production system since
the 1970s by Naegel and Lewis [2,3]. The first applied systems represented coupled
aquaponics at the laboratory scale, where the water flows constantly from the aquaculture
to the hydroponic system and vice versa. Rakocy was the pioneer of medium-scale coupled
aquaponic systems in the 1980s [4]. Since then, aquaponics has been researched by many
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institutes in many countries worldwide in terms of system design, plant-fish combination,
and type of hydroponic system. Kloas’ research in 2015 brought about a more representative
system for commercial aquaponics using a decoupled aquaponic technique [5]. In this
method, the cycle of water is independent in each subsystem. The aim of building a
decoupled aquaponic system was to develop a cultivation system that allowed for the
optimum fish and plant yields with low environmental impacts [6].

Aquaponics was first motivated as a “fish-centric” system with vegetable crops as a
secondary commodity used for the biofiltration of aquaculture effluents [7]. This option
minimizes the phenomenon of eutrophication and the water scarcity status caused by the
spread of Recirculating Aquaculture Systems (RAS) [8]. Later, the greater profit potential of
herbs and vegetables in comparison to fish and the development of decoupled techniques
gave a boost to “plant-centric” aquaponic systems [7]. The plant-centric aquaponics reduces
the demand for chemical fertilizers and contributes to natural resource protection [9].
Nevertheless, it is proven that the utilization of RAS solutions cannot completely replace a
profitable and efficient hydroponic solution for plant cultivation [10]. This is attributable
to nutrient deficiencies in these solutions [11-13]. For this reason, the implementation
of fertilizers is a strategy for many researchers [14-16] that must take into consideration
the nutrient ratio except for the main nutrient deficiencies from RAS solutions, like iron,
potassium, and microelements.

Control of water quality in coupled aquaponics is essential for the ideal growing
conditions for each organism [17-20]. Plants require various water quality parameters such
as pH, electrical conductivity (EC), temperature (T), and dissolved oxygen (DO) from fish
and bacteria to achieve maximum growth rates. Maintaining pH values at a neutral level
can lead to plant nutrient deficiencies [21] or high toxicity of ammonia to fish [22]. The
implementation of fertilizers up to the ideal electrical conductivity for plants carries the risk
of acute or chronic toxicity for fish [23]. On the other hand, control of the quality of water in
the system is necessary to obtain high productivity, especially for fruity vegetables [18,24];
otherwise, it may lead to reduced yields compared to monoculture production systems for
fish and plants, respectively [25,26].

The low productivity of coupled aquaponic systems is the main reason that led
the researchers to decoupled aquaponics, where complete control of both aquaculture
and hydroponic solutions is achieved. Particularly, the pH values in RAS solutions are
maintained at optimal levels so that the ammonia biofiltration rate can be maximized [27,28]
and the feeding activity and vigor response of fish can be increased [29]. In addition, the
pH value in hydroponic solutions is stabilized at a value of 5.5-6, improving the availability
of phosphorus and other nutrients for plant growth [30]. Nutrient concentrations can be
adjusted separately, so intensive fish and plant production, like in conventional single
aquaculture and hydroponics, can be realized [5,8]. In comparison to coupled aquaponic
systems, decoupled systems are developed for intensive, large-scale, and sustainable
food production [31]. Nevertheless, the decoupled approach is relatively new, and less
information about its functionality and its successful application is available [31]. The
main disadvantages of decoupled systems are the non-optimized adjustment of nutrient
solutions and the fact that there is a lack of scientific research [5].

Another issue in aquaponics that needs improvement concerns the substrate technique
used in the hydroponic part of the system. Up to now, the most common techniques used
have been (i) Deep Water Culture (DWC), (ii) Media Based Technique (MBT), and (iii)
Nutrient Film Technique (NFT). The drip irrigation technique is still under research [32],
although it is considered by many researchers to be the most suitable hydroponic type
for commercial aquaponic systems [5,33]. It is maintained that very little is known about
comparisons between intensive crop production in aquaponics and hydroponics under
the same conditions [34]. The research team of Monsees [35] tried to fill the scientific gap
by comparing coupled and decoupled aquaponics with NFT cultivation techniques in an
aquaponic system. A decoupled aquaponic system was applied in other cases as well [36],
in comparison to hydroponics, by adding fertilizers for the first time up to the standard
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hydroponic levels, in contrast to another research [37]. Up to now, the fertilizers were
implemented up to 25% of the standard, or a commercial mix of fertilizer with a standard
recipe without analyzing the RAS solution was implemented [5]. In aquaponic systems,
more than 60 different types of plants have been used [38]. Leafy vegetables and herbs have
been chosen primarily due to their short growing period and low nutrient requirements
in contrast to fruity plants [32]. Mainly tomatoes have been cultivated aquaponically in
the NFT subsystem [33], perlite pots [39], raised beds [40], and DWC [31,41]. However,
advanced aquaponic research needs to focus on fruit-bearing crops, and until now, minimal
scientific articles have cited this concept [32].

The aim of the current research was to provide knowledge about the progress of the
nutrient balance in the different parts of the coupled and decoupled aquaponic systems.
The experiments were carried out at the Pilot Greenhouse Park facilities of the University
of Thessaly in Greece, applying three different treatments: coupled; decoupled; and con-
ventional hydroponic systems. This is, to our knowledge, the first comprehensive study
comparing hydroponics, coupled aquaponics, and decoupled aquaponics under the same
environmental conditions in a large-scale aquaponic system using perlite as a substrate for
plant growth. Two leafy (basil and parsley) and two fruit-yielding (tomato and cucumber)
plants were cultivated; the nutrient concentration in the different parts of each system was
measured, and the nutrient use efficiency (NUE) was estimated.

2. Materials and Methods
2.1. Experimental Setup

The experiment was carried out in the aquaponic system established within the climate-
controlled greenhouse of the Laboratory of Agricultural Constructions and Environmental
Control of the University of Thessaly in Velestino (latitude 39°440’, longitude 22°790’,
altitude 85 m), Greece. The total ground area was 432 m?2; about 352 m? was used for
the hydroponic subsystem, and about 80 m? for the RAS subsystem settled in a closed
controlled environment room (Figure 1).
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Figure 1. Schematic representation of the hydroponic subsystem.

The RAS subsystem consisted of three fish tanks of 1.3 m?3 each, a buffer tank of 0.7 m3,
a mechanical filter (Combi Bio 15, ProfiDrum, Retford, UK) of 0.5 m3, a biological filter
(ceramic rings, 15 mm and K1, Kaldness media of 1 mm) of 0.7 m?3, and a final clear buffer
water tank of 2.3 m3. RAS solution is continuously recycled from the clear buffer water tank
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to the fish tanks via a pump (stainless steel self-priming Jet pump, 83 L min~!, Aquastrong
Company LTD, Milan, Italy), completing a continuous water flow rate of 6 m3 h~! and
returns to the same tank by gravity /natural flow. In addition, RAS solution from the clear
tank is occasionally pumped via a pump to the central hydroponic mixing tank (head unit)
for the preparation of the nutrient solution. The RAS system contained approximately
6.6-7.1 m3 of water recirculating constantly in the system. An air blower (ASC-Standard,
Airtech Europe GmbH, Differdange, Luxembourg, capacity of 100 m® h=!) provided air
to RAS tanks via air diffusers (Airstone four inches, KW ZONE, Penang, Malaysia). A
portion of the total volume of the water was replenished daily by using tap water. The
replenishment varied from 3.3% to 16.9% according to the cultivation species and time of
the cultivation period. The nutrient composition of tap water comprised 17.7 mg L~ NO;~,
0.09 mg L~! NH*, 0.18 mg L~! PO42~, 9 mg L~! SO42~, 0.021 mg L~! Fe?*, 31 mg L~!
Ca?*,39.1 mg L~! Mg?",3mg L~! K*, and 35 mg L ! Na*.

The hydroponic subsystem consisted of a central mixing tank connected to six stock
solution tanks, 6 fertigation solution storage tanks, 18 crop channels, and 6 drainage tanks.
The nutrient solution (NS) was prepared using the Cooper formulation [42] in the central
mixing tank (the head unit), receiving the appropriate amount of nutrients stored in the
stock solution tanks. During the NS preparation process, acid was injected to set the pH
level of the solution. The pH and EC levels of the NS were controlled by pH and EC
sensors (pH/EC measuring transducer, GHM-Greisinger, Bayern, Germany) connected
to the head unit, while the volume of the solution was controlled by a pressure sensor
(1-20 mA, 24 V, WIKA Alexander Wiegand SE & Co. KG, Klingenberg, Germany). Once
the nutrient solution has been successfully processed, it is transferred to the fertigation
solution storage tank to be used for fertigation according to the crop needs. The cultivation
receives the nutrient solution automatically via the drippers (2.3 L h~!, spaghetti tubes,
angle drippers, five drippers per slab), and the drainage solution flows through gravity to
the drainage tank. The channels were placed 50 cm above the ground. In total, 18 identical
hydroponic channels (about 8 m x 0.22 m) with 8 perlite slabs (Isocon Perloflor Hydro
1, Isocon S.A., Athens, Greece) per channel were established (Figures 1 and 2) in three
blocks (6 channels per block). Every single channel per block was connected to a different
fertigation solution storage tank (500 L) and drainage tank (120 L). Irrigation and fertigation
were automatically controlled by a custom-developed controller (Argos Electronics, Evia,
Greece). The irrigation dose fluctuated daily according to plant needs, with an expected
drainage ratio of 30-35% of the irrigated solution [43].

Air temperature and relative humidity within the plant cultivation area were recorded
via the iIMETOS®sm system (Pessl Instruments, IMT180, Weiz, Austria) and automatically
controlled using a climate control computer (Emmanouilidis, Thessaloniki, Greece).

2.2. Experimental Set Up

To assess the efficiency of the coupled and decoupled aquaponic systems, a four-
period experiment was carried out from May 2020 to July 2021. During the 1st period, basil
seedlings (Ocimum basilicum cv. Genovese) were transplanted (2.4 plants m~2) on May
18, and the cultivation lasted for 60 days. In the 2nd period (21/8/2020 until 17/11/2020,
88 days), 15-day-old cucumber plants (Cucumis sativus cv. Aisopos) were transplanted
(1.18 plants m~2). In the 3rd period, parsley plants (Petroselinum crispum (Mill.)) were
transplanted at a plant density of 2.4 plants m~2 on 7 December 2020 and cultivated for
70 days. In the 4th period (from 15 March until 13 July 2021), tomato plants (Solanum
lycopersicum cv. Kabrera) were transplanted (1.76 plants m~2) and cultivated for 120 days
(Figure 3).
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Figure 2. Schematic representation of the aquaculture subsystem.

The average daily air temperatures were 26.3 £ 213 °C, 25.01 + 3.87 °C,
17.84 £ 3.19 °C, and 24.9 £ 3.74 °C for basil, cucumber, parsley, and tomato cultiva-
tions, while relative humidity was 52.48 =+ 6.04%, 59.48 £ 11.26%, 60.39 £ 15.98%, and
51.03 & 13.25%, respectively. The daily average radiation inside the greenhouse was
295.04 + 63.97 Wm™2.

During the cultivation period, red tilapia (Oreochromis spp.) fish were stocked at an
average rate of 8.09 kg m~>. Fish initial biomass ranged from 5.78 kg m~3 (1st period)
to 8.52 kg m~3 (2nd period), 8.27 kg m 2 (3rd period), and 9.77 (4th period). Fish were
hand-fed to satiation three times per day with Prodac Pondsticks Color, containing crude
protein 29.0%, crude ash 5.7%, crude fibers 3.3%, crude fat 2.9%, moisture 4.8%, omega 6
42.2%, and omega 3 5.7%.
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Figure 3. Cont.
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Figure 3. Cultivation of the (a) basil, (b) cucumber, (c) parsley, and (d) tomato crops in the pilot
aquaponic greenhouse.

In all the periods, three different fertigation treatments were performed in two repli-
cates per block (92 plants per treatment and repetition): (i) the hydroponic treatment (HP);
(ii) the decoupled aquaponic treatment (DCAP); and (iii) the coupled aquaponic treatment
(CAP). In the HP treatment, the plants were fertigated with 100% standard fresh solution,
which represented the targeted concentration of the control treatment (Figure 4). In the
DCAP treatment, the plants were fertigated with a solution consisting of water-enriched
RAS with fertilizers to reach the targeted nutrient solution concentrations. The targeted
concentration was set to that applied in the Mediterranean climatic conditions [44] and
was modified according to the plant species and growth stage (Table 1). To achieve the
targeted concentration in the DCAP treatment, the RAS solution was analyzed once a week
for NO;—, NH, ", PO42—, SO42—, Ca?t, Mg2+, K*, Na*, and Fe?*. According to the weekly
estimated nutrient concentration, a new recipe was developed. In the CAP treatment, the
plants were fertigated with a RAS solution that had been taken directly from the clear RAS
tank. The drainage solution of the CAP treatment was collected, sterilized, and returned
to the aquaculture system, while the HP and DCAP treatments were drained outside
the system.

CAP
Acid treatment
immplementation
l DCAP
Acid & fertilizers treatment
immplementation v
| T HP
Acid & fertilizers treatment
immplementation

Figure 4. Schematic flow of the nutrient solution preparation according to the treatment.
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Table 1. Recipes for each type and stage of cultivation in the DCAP and HP systems.
Basil and (%I;C:gg‘elz Cucumber Tomato (3rd Tomato (5th Tomato
Parsley & (Fruity Stage) Truss) Truss) (10th Truss)
Stage)
Macronutrients (mg LY
Nitrate (NO3 ™) 682 915 853 887 763 769
Ammonium (NHy*) 18 25 25 27 22 22
Phosphate (PO, ™) 97 119 109 142 142 142
Potassium (K*) 200 242 281 274 293 313
Calcium (Ca?*) 150 166 136 204 188 180
Magnesium (Mg2+) 80 39 34 58 53 51
Sulfur (S0, 72) 288 125 134 346 394 384
Micronutrients (umol L~1)

Iron (Fe) 5 15 15 15 15 15
Boron (B) 20 25 25 35 30 30
Copper (Cu) 1 0.8 0.8 0.8 0.8 0.7

Zinc (Zn) 5 5 5 5 5 5
Manganese (Mn) 5 10 10 10 10 10
Molybdenum (Mo) 5 0.5 0.5 0.5 0.5 0.5

In all the treatments, the pH of the fertigation solution was adjusted to the targeted
level before being applied to the plants. In the HP treatment, the pH of the solution was
adjusted by adding nitric acid (HNOj3; 65%) in combination with sulfuric acid (HSO4
96%). In CAP treatment, the pH of the solution stored in the fertigation solution tank was
adjusted by adding sulfuric acid (96%) for cucumber, parsley, and tomato cultivation and a
mix of nitric acid (65%), phosphoric acid (85%), and sulfuric acid (96%) for basil cultivation.

2.3. Measurements and Analyses

Measurements of the electrical conductivity (EC, dS m~ 1) and the pH values in the
irrigation and drainage solutions per treatment were recorded weekly. Portable sensors
were used for EC (Combo pH-EC-TDS-Temp, 98130 Hanna Instruments, Woonsocket, RI,
USA) and pH (HQ40d, Hach, Loveland, CO, USA). The above quality parameters were
also recorded daily in the RAS solution via the same sensors.

To estimate the exchange rate fluctuation of nutrients in the system, solution sam-
pling was performed in the irrigation tanks (nutrient solution, NS), hydroponic channels
(drainage solution, DS), and RAS system (RAS solution, RAS). Sampling was carried out
once a week, with three sample replicates. To estimate potassium, calcium, and sodium, the
samples were filtered (filter net, 7 um) and analyzed with a Flame Photometer (model PFP?7,
Jenway Technology Company, Hong Kong, China) [45]. For analyzing the concentrations in
nitrate (NO3; ™), ammonium (NH4 "), and phosphorous (PO4 ~2),a spectrophotometer (Hach
DR3900, Loveland, CO, USA) method according to [46]) was used. A similar protocol was
performed to estimate the elements’ content in the tap water. Water volumes for irrigation,
drainage, and replenishment in the RAS system were automatically recorded daily via the
software to an Access Database (Microsoft Office 2013, Microsoft 365, Access 2021).

Plant samplings were destroyed in an oven (every 10 days after transplantation for
basil, parsley, and cucumber and every 15 days for tomato crops) in order to be analyzed for
nutrient content such as N, P, K*, Ca2*, and Na* in leaf tissue. The dry samples were carried
out by four plants per treatment and ground with a burr grinder. For the estimation of
nitrogen content in plant tissue, the extraction was performed using the Kjeldahl nitrogen
method (TKN) based on the Kjeldahl protocol [47]. For P, K*, Ca?*, and Na* content
analysis, 0.5 g of each sample was extracted with a 20 mL hydrochloric solution (6%)
and diluted in a 50 mL volumetric flask. The phosphorous content in the final sample
was determined in a spectrophotometer (Visible spectrophotometer Libra S11, Harvard
Bioscience, Holliston, MA, USA) and the potassium, calcium, and sodium content in a
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Flame Photometer. The same protocol was used for estimating the nutrient content in fruits
like K*, Ca?*, and Na*, where 3 fruits per treatment every 14 days of the whole harvest
period were dried and analyzed.

2.4. Calculations

The nutrient availability (NA) in the RAS solution for each cultivation was estimated
as follows:
NA = CxRAS/CxStandard x 100 @

where CxRAS is the average concentration of each x element expressed in mg L~! in
RAS solution, and Cxstandard (mg L’l) is the standard concentration according to the
hydroponic recipe for the cultivation period.

The ratio of K*: [K*] + [Ca?*] + [Mg?*] was calculated by dividing the potassium
concentration of NS with the sum of potassium, calcium, and sodium concentrations of the
irrigated NS. A similar methodology was followed for the overall nutrient ratio of N, P, K*,
Ca%*, and Na®.

The removal rate (RM) (mg g’l) of nutrients represents the amount of nutrients
absorbed by the plants per dry biomass (leaf and stem) produced and was calculated
as follows:

RM = (CxIr x VIr — CxDr x Vdr)/SDW (2)

where CxIr is the average concentration of each x nutrient element in the nutrient solution
(mg L~1); VIr is the total volume of nutrient solution irrigated (L); CxDr is the average
concentration of x nutrient element in the drainage solution (e.g., NO3 ™) (mg L~1); vdris
the total volume of drainage solution (L), and SDW is the final dry weight of the cultivated
plants (g).

The absorption concentration of nutrients (Cu) (mg LY represents the amount of
nutrients absorbed per volume of nutrient solution absorbed by plants and was calculated
as follows:

Cu = (CxIr x VIr — CxDr x Vdr)/Vabs 3)

where CxIr is the average concentration of each x nutrient element in the nutrient solution
(mg L~1); VIr is the total volume of nutrient solution irrigated (L); CxDr is the average
concentration of x nutrient element in the drainage solution (e.g., NO3 ™) (mg L—1); vdr
is the total volume of drainage solution (L), and Vabs is the volume of nutrient solution
absorbed by the cultivated plants (L).

The Nutrients Use Efficiency (NUE) (%) demonstrates the utilization of nutrients by
plants and was calculated as follows:

NUE = (Sfac — Siac)/Sapl 4)

where Sfac is the total final accumulation of a nutrient element in the crop tissue (g); Siac is
the total initial accumulation of a nutrient element in the crop tissue (g), and Sapl is the
total quantity of the nutrient element applied (g).

2.5. Statistical Analysis

A comparison of means was performed by applying a one-way ANOVA at a confidence
level of 95% (p < 0.05) using the Tukey—Kramer HSD test. The Statistical Package is
represented by SPSS (Statistical Package for the Social Sciences, IBM, Armonk, NY, USA,
2012). The average values, along with the standard deviation (£SD) of the parameters
measured, are reported.

3. Results
3.1. Water Quality Parameters

In Table 2, the pH and EC in the solution measured in the different parts of the system
are presented. In CAP, the pH of the DS was consistently higher than that of the NS,
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regardless of the crop. The opposite effect, where lower pH values of DS compared to NS
were achieved, was demonstrated in tomato crops for HP and DCAP treatments. As far as
the EC is concerned, the DS had a greater value than the NS in HP and DCAP treatments
in all crops except basil. In CAP treatment, only parsley presented a higher EC in the DS.

Table 2. Average values (£SD) of water quality parameters [pH and EC] for the RAS, the NS, and the
DS, according to the treatment and studied crop.

Basil Cucumber Parsley Tomato

Nutrient Drainage Nutrient Drainage Nutrient Drainage Nutrient Drainage

Solution Solution Solution Solution Solution Solution Solution Solution

HP 61+£01%  614+028 604004 59+02B 57+014 644028  58+004 524038

DCAP 6054094 624018 6040142 640282 56+014 634028 59+004 554028

pH CAP 624084  71+£024 614014 704024 594014 764034 584014 7540442
RAS 81+07 78+02 7.8+ 0.0 81+0.1

HP 224004 254014 234014 284014 214004 244014  30+£014° 414054

BC DCAP 224014 264014 244004 274014 204004 244014 294014 394044

CAP 1.3+0.152

134+0.180 124 0.1 82 11+018  09+018 1.3+ 0.052 1.1 +0.0Ba 1.1+0.18

RAS

0.98 +0.0 0.88 + 0.0 0.83+0.1 094 +0.0

Mean values followed by different lowercase letters (a, b) differ significantly according to the Tukey—Kramer
HS test at p < 0.05 across NS and DS solutions. Mean values followed by different capital letters (A, B) differ
significantly across the treatments (HP, CAP, DCAP).

3.2. Nutrient Fluctuation in the System

In Table 3, the average nutrient concentrations for the different crops studied are
presented. Magnesium appears to be the most abundant nutrient in all the studied crops.
Especially in cucumber cultivation, the availability of magnesium overcame the recipe’s
value. The greatest lack appeared in ammonium, whose availability was nearly zero. The
fluctuation of all the other nutrients did not meet the desired concentrations, not even
at the 50% availability level. The availability of nutrients in the RAS solution for all the
cultivation periods can be expressed as follows: Mg?* > Ca?*, NO3 ~, and SO,2~ > PO,2~,
K*, Fe?* > NH,".

The mean values of the ratios of macronutrients studied in NS are presented for the
different crops and treatments in Figure 5. The CAP nutrient solution presented a much
lower ratio of K*: [K*] + [Ca®*] + [Mg?*] in contrast to the HP and DCAP solutions due to
the lower potassium concentration in the RAS solution. The ratio of CaZ*: [K*] + [Ca%*]
+ [Mg2+] did not differ from the HP and DCAP solutions, while the ratio of Mg2+: [K*]
+ [Ca%t] + [Mg2+] was higher than HP and DCAP. This may be explained by the high
concentration of magnesium observed in the RAS solution. Calcium and magnesium
absorption are much higher than potassium absorption in CAP plants. The ratio of Na™:
[K*] in all CAP nutrient solutions was much higher than the corresponding HP and DCAP,
especially in parsley NS.

The ratio of total nitrogen to potassium (NH;* + NO3~: [K]) was calculated to be
higher in CAP than in HP and DCAP solutions. This disproportion indicates that CAP
plants are more sensitive at the fruity stage as nitrogen is supplied in much larger quantities
compared to potassium. On the other hand, the calculated ratio of NH4*: [NH;*] + [NO3 ]
was much lower than the standard one and the corresponding HP and DCAP. The nutrient
solutions of the treatments did not differ notably in the ratio of PO,%: [NH4*] + [NO3~].
Basil cultivation seems to perform a higher value of this ratio in CAP solution because of
the treatment with phosphoric acid for pH control.
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Table 3. Average concentrations (mg L~!) and nutrient availability (%) of the main macronutrients
(NO3~, PO42~, NH,*, K¥, Ca?*, Mg**, SO427) and Fe?* (mg L™!) in the RAS solution of all the

studied crops.

Basil Cucumber Parsley Tomato
= z g = = z g 2
ow IS S w I ow I S v I
=1 =1 = -1 =1 k=1 = -1
5 ; 5 ; : : 5 :
NO;~ 130.1 19.1 111.3 12.0 924 13.6 113.7 14.1
NH,* 0.1 0.7 0.1 0.6 0.1 0.8 0.1 05
PO~ 137 14.1 11.7 9.8 9.3 9.6 8.3 5.8
K* 19.1 9.5 19.3 7.9 11.2 5.6 17.7 6.0
Ca2* 39.3 26.2 36.7 22.1 35.4 236 379 19.9
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Figure 5. Standard nutrient ratio of (a) K*: [K*] + [Ca?*] + [Mg?*], (b) Ca?*: [K*] + [CaZ*] + [Mg?*],
(c) Mg?*: [K*] + [Ca®*] + [Mg?*], (d) NH, " +NO; ~: [K*], (e) NHy*: [NHy*] + [NO3 ], (f) PO4>~:
[NH4*] + [NOs~] and (g) Na*: [K*] according to the treatment and studied crop. The horizontal
black line illustrates the optimum levels according to the crop studied [44]. Mean values followed by
different lowercase letters (a, b) differ significantly according to the Tukey—Kramer HS test at p < 0.05
across the treatments (HP, CAP, DCAP).

Tables 4 and 5 show the average concentrations (£5SD) of the main macronutrients
(NO®~, PO42~, NH,4*, K*, Ca?*) and Na* (mg L~1) for the nutrient and drainage solutions,
uptake concentration (mg L~!) and removal rate (mg g’l), according to the treatment and
studied crop. As was expected, the nutrient concentration of the NS supplied to the CAP
plants was close to the RAS settings of the system (Table 1). Most likely, differences may
have occurred due to the remaining concentrations of nutrients in the tube network. The
concentrations of nutrients in HP and DCAP nutrient solutions did not show significant
differences, demonstrating the successful and accurate strategy of the DCAP treatment
application. The removal rate index was used to predict the nutrient assimilation in plant
tissues (Tables 4 and 5). According to this index, the greater accumulation of macronutrients
was confirmed by HP and DCAP plants. The greater sodium assimilation and phosphorus
assimilation, mainly in basil crops, were predicted for the CAP treatment. The absorption
concentration indicated sufficient nutrient assimilation only if the values were higher in
the irrigated NS.
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Table 4. Average concentrations (+£SD) of the main macronutrients (NO3~, PO4%>~, NH,*, K*, Ca®*)
and Na* (mg L) for the nutrient and drainage solutions, uptake concentration (mg L~1) and

removal rate (mg g~ 1) according to the treatment for the basil and parsley cultivation.

Basil
. . . . . Uptaken
Nutrient Nutrient Solution = Drainage Solution . Removal Rate
Element Treatment N (NS; mg L-1) (DS; mg L-1) Concentration (RM; mg g 1)
’ ! (Cu;mg L) ¢
HP 18 509.4 +£1319a 590.7 + 144.6 a 519.6 489.3
NO;™~ DCAP 18 5114 +96.4a 557.77 £ 144.0 a 521.6 488.0
CAP 18 215.6 £554Db 188.3 £55.1b 219.9 236.9
HP 18 141+6.1a 54+24a 24.0 19.6
NH,* DCAP 18 149 +4.0a 50+10a 253 229
CAP 18 26+1.0Db 1.1+£07b 3.9 3.5
HP 18 80.5+ 16.8a 734+172a 101.8 96.3
PO42~ DCAP 18 791+ 125a 67.8+135a 99.1 94.0
CAP 18 828+ 145a 671+£245a 106.5 100.4
HP 36 2064 +£43.7 a 196.2 £38.1a 219.4 2244
K* DCAP 36 204.6 = 34.6 a 2083 +40.8a 217.6 2232
CAP 36 411+73b 324+£67D 52.2 47.3
HP 36 1254 £ 30.8 a 154.8 £349a 121.7 114.8
CaZ* DCAP 36 1273 £ 187 a 163.5 £ 34.6a 123.7 117.5
CAP 36 28.0+11.7b 31.0£8.0Db 21.7 26.9
HP 36 499+ 157a 722+192a 28.3 39.3
Na* DCAP 36 53.0+13.7a 76.6 =25.5a 42.6 43.6
CAP 36 489 £154a 62.0£153a 36.4 42,5
Parsley
HP 24 4955+ 41.8a 521.3+49.3a 466.3 161.0
NO;~ DCAP 24 496.6 =484 a 500.7 £76.1a 467.2 167.1
CAP 24 90.6 +12.5b 819+ 64Db 111.9 87.2
HP 24 26+03a 1.0+03a 4.0 1.4
NH4* DCAP 24 27+04a 12+03a 41 1.8
CAP 24 07+£02b 0.6+02b 1.3 0.7
HP 24 705 +81a 654 +48a 93.5 27.6
PO,%~ DCAP 24 652+52a 542 +9.2a 85.6 20.9
CAP 24 128 £1.8b 124+1.6b 14.0 2.0
HP 27 156.8 £2.6a 1853 £ 6.4 a 146.9 50.8
K* DCAP 27 136.7 +2.4b 167.0+9.0b 128.5 34.7
CAP 27 16.7 £0.3b 334+33c¢ 32.8 5.7
HP 27 1382+39a 1493 £5.8a 126.9 48.4
Ca2* DCAP 27 1429+ 4.0a 168.3 +10.8 a 132.0 414
CAP 27 387+04Db 495+43D 279 279
HP 27 395+12a 555+ 52a 29.0 10.4
Na* DCAP 27 404+08a 58.6 £5.0a 32.1 9.1
CAP 27 39.7+15a 543 +40a 29.7 26.2

Averages followed by different lowercase letters (a, b) differ significantly according to the Tukey—Kramer HS test
at p < 0.05 across the treatments.
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Table 5. Average concentrations (+£SD) of the main macronutrients (NO3~, PO,%>~, NH,*, K*, Ca®*)
and Na* (mg L) for the nutrient and drainage solutions, uptake concentration (mg L~!), and

removal rate (mg g~ 1) according to the treatment for the cucumber and tomato cultivations.

Cucumber
Nutrient Nutrient Solution Drainage Solution Uptake. Removal Rate
Element Treatment N (NS; mg L-1) (DS; mg L-1) Concentration (RM; mg g—1)
’ ! (Cu;mg L) ¢
HP 27 670.1 £934a 7535 £2158a 645.0 403.3
NO;~ DCAP 27 660.4 +133.7 a 7429 £1215a 636.4 4253
CAP 27 188.4 £ 62.7Db 170.1 £952b 200.7 162.0
HP 27 231+15a 79+17a 39.2 22.6
NH* DCAP 27 247 +t16a 80+23a 42.2 25.3
CAP 27 09+05Db 08+£04Db 1.6 0.6
HP 27 110.5+85a 108.8 £25.0 a 108.7 724
PO42~ DCAP 27 1033 £87a 99.3+21.0a 101.6 65.1
CAP 27 28.7 £10.3b 234+£277b 29.0 25.9
HP 36 2398+ 6.7a 2363+ 164 a 233.6 148.7
K* DCAP 36 2213+50a 2262+77a 217.5 153.7
CAP 36 47.0+10.1b 357£11.1Db 54.7 43.5
HP 36 1079 £53a 142.7 £ 6.2 a 90.5 55.2
Ca2* DCAP 36 1213 +48a 161.5+£9.1a 101.2 76.3
CAP 36 422 +53b 421 +45Db 37.1 34.3
HP 36 424+08a 701+39a 27.1 16.5
Na* DCAP 36 424+12a 723+38a 27.0 18.2
CAP 36 40.7+1.0a 526 £2.0Db 25.0 26.3
Tomato
HP 27 6954 £ 6.6a 802.8 £132a 715.7 421.8
NO;~ DCAP 27 691.8 £ 17.7a 8063 £212a 7125 457.2
CAP 27 1355 +£2.7b 705+ 28b 172.5 2254
HP 45 29+11a 93+06a 31.0 20.6
NH4* DCAP 45 225+10a 84+05a 30.5 21.8
CAP 45 11+01b 03+00b 2.1 1.9
HP 45 163.0 £ 6.0a 183.7 £ 6.8 a 166.6 105.1
PO4%~ DCAP 45 1643 +74a 1821+ 78a 167.8 117.2
CAP 45 179+ 09b 63+08b 23.3 30.7
HP 36 256.0+43a 319.6 203 a 235.4 153.5
K* DCAP 36 259.0£3.0a 3053 +184a 237.7 173.0
CAP 36 277+07b 120 £22b 372 46.1
HP 36 180.7 £35a 264.6 =263 a 141.5 93.8
Ca2* DCAP 36 176.8 =32 a 2446 £504 a 138.7 110.5
CAP 36 41.6 £05b 479 +27D 372 48.5
HP 36 423+11a 755+ 7.6a 28.3 16.9
Na* DCAP 36 432 +08a 76.6 £9.1a 29.8 20.5
CAP 36 416 £09a 58.7+3.6D 27.1 38.7

Averages followed by different lowercase letters (a, b) differ significantly according to the Tukey-Kramer HS test
at p < 0.05 across the treatments.

3.3. Nutrients in Leaf and Fruit Tissue

The nutrient concentrations obtained from the leaf sample analysis are presented in
Figure 6. As expected, the CAP plants had the lowest nutrient content in the plant tissue
among all the treatments because of the low nutrient levels in the NS. Certain elements,
though, such as phosphorous in basil plants, calcium in tomato and basil plants, and
sodium in cucumber, parsley, and tomato plants, overcame with statistical accuracy the
corresponding contents of HP and DCAP plants. The greatest lack of nutrients during
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Nitrogen content in leaf tissue

Potassium content in leaf tissue

the cultivation periods appeared in tomato CAP plants in comparison to HP and DCAP
plants, with a phosphorous percentage difference of 55%. Similarly, the greatest potassium
deficiency among cultivation species was estimated for tomato CAP plants, which could
be the reason for the greater content of calcium in leaf tissue and sodium in leaf and fruit
tissue than HP and DCAP. There was no statistical difference among the treatments in the
nitrogen content in basil tissue, which was attributed to the nitric acid implementation in
CAP’s NS (p > 0.05). Hydroponic and DCAP plants did not show differences in nutrient

contents in leaf and fruit tissues in the four cultivation periods.

Potassium, calcium, and sodium concentrations were similar in all studied cucumber
treatments (Figure 7). On the contrary, tomato CAP fruits had lower potassium content

than HP and DCAP, equal calcium content, and higher sodium content.
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Figure 6. Nutrient content of nitrogen (a), phosphorous (b), potassium (c), calcium (d), and sodium
(e) for leaf tissue according to the treatment and studied crop. The horizontal black line illustrates
the optimum level of nutrient elements (N, P, K, and Ca) within leaf tissue in tomatoes [48], cu-
cumbers [49], and leafy plants [50]. Mean values followed by different lowercase letters (a, b) differ
significantly according to the Tukey—Kramer HS test at p < 0.05 across the treatments (HP, CAP,
DCAP).
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Figure 7. Nutrient content of potassium, calcium, and sodium (mg g~!) in fruit tissue for the two
plant cultivations (cucumber and tomato) according to the treatment. Mean values followed by
different lowercase letters (a, b) differ significantly according to the Tukey—Kramer HS test at p < 0.05
across the treatments (HP, CAP, DCAP).

3.4. Nutrient Use Efficiency

Figure 8 presents the nutrient use efficiency (NUE) (%) of the main macronutrients
according to treatment and studied crop. NUE demonstrated that CAP plants utilize
nutrient inputs better than HP and DCAP plants. The exceptions are phosphorous in basil
cultivation, where the concentration in NS and the content in leaf tissue were higher due
to the implementation of phosphoric acid, but the CAP plants could not utilize it better
than HP and DCAP plants because of the other nutrient deficiencies. Secondly, sodium
demonstrated a lower NUE in basil, parsley, and cucumber. The sodium concentration in
NS and the content in leaf tissue did not differ statistically, so the only parameter is the
dry biomass, which is greater in the HP and DCAP treatments. On the contrary, in the
tomato case, the accumulation of sodium in leaf tissue is greater in CAP plants than in
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HP and DCAP, so the NUE is higher. In the cases of P, N, and K, the high values of NUE
are correlated with the sufficiently high uptake values observed in Tables 4 and 5. In the
case of Ca and Na, however, the NUE was higher, although the uptake concentration was
lower than the imposed NS. It is noteworthy that DCAP plants had higher NUE than HP
in nitrogen, phosphorous, and potassium in all cultivations except for the tomato.
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Figure 8. Nutrient use efficiency (NUE) (%) of (a) nitrogen (N), (b) phosphorous (PO4%7), () potas-
sium (K*), (d) calcium (Ca2*), and (e) sodium (Na*) for basil, cucumber, parsley, and tomato cultiva-

tions for the three treatments, HP, DCAP, and CAP, respectively. Mean values followed by different

lowercase letters (a, b) differ significantly according to the Tukey-Kramer HS test at p < 0.05 across
the treatments (HP, CAP, DCAP).
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4. Discussion

The efficiency of the systems was assessed by the respective pH and EC variations.
The lowest EC limit for a nutrient solution must be at least 1 dS m~! [51,52]. Otherwise,
plants suffer from nutrient disorders, mainly from nitrogen. A mineral deficiency was
also confirmed by the current study in the plants of the CAP treatment since the EC level
(0.83 ds m~170.98 ds m~!) did not meet the required specifications. Subsequently, the
implementation of fertilizers is fundamental, up to an electrical conductivity of 1 dSm™!
in CAP treatment, to ensure the completion of the basic functions of the plants. Other
researchers have mentioned the need to add fertilizer since they found low concentrations
of functional nutrients [5,53-55].

On the other hand, the effectiveness of the current DCAP system is evident from the
ideal conditions that prevailed in both the hydroponic and aquaculture systems. Indeed, the
pH of NS for all crops examined was within the acceptable range of 5.5 to 6.5 [56]. Similarly,
the pH values in the aquaculture solution correspond to the optimum level required for
tilapia cultures 6-9 [57] and for the nitrification process by aerobic bacteria 7-8 [58,59]. The
EC value of DCAP treatment corresponded to the same privilege of decoupled systems
as the hydroponic recipes. Subsequently, no compromises have to be made in the DCAP
system in terms of optimal production parameters for fish, bacteria, and plants, and animal
welfare principles are preserved.

4.1. Nutrient Quality Assessment

Based on the nutrient concentrations, the CAP system showed the lowest concentration
of most of the elements (90%-99 lower in comparison to the hydroponic recipe). Many
researchers have also found a low concentration of nitrogen, phosphorous, and potassium in
the CAP NS, unable to cover the actual plant needs, leading, in turn, to low yields [12,60,61].
In this sense, the CAP plants in this study assimilated less nitrogen, phosphorous, and
potassium than HP and DCAP plants. The iron element has been characterized as one of the
most limited micronutrients in aquaponics [7,25,39] and affects both the plant’s physiology
and morphology [62]. Furthermore, it is declared that ammonium toxicity for plants can
occur at concentrations as low as 1.8 £ 9 mg L~! [63]. In the current research, the CAP
nutrient solutions of cucumber, parsley, and tomato were 0.88 mg L1, 0.57 mg L=, and
0.11 mg L1, respectively.

Magnesium, on the other hand, appeared to be the most abundant nutrient in all the
crops studied in this research in comparison to the HP and DCAP systems. Calcium, nitrate,
and sulfur represent the next most available nutrients in comparison to the hydroponic
recipes. Kloas et al. [5] agree with calcium sufficiency for basil growth, while another
research [54] demonstrated similarly sufficient calcium and sulfur. On the contrary, Cani
et al. [64] found that magnesium was deficient in the nutrient solution, and Cerozi and
Fitzsimmons [65] encountered magnesium deficiency when applying foliar fertilizers to
lettuce plants.

In the prototype DCAP system, the RAS synthesis was significantly improved from
58% to 96% in most of the macronutrients. However, to evaluate the systems, there is a
need to study the ion rations performed in the imposed NS. Sonneveld and Voogt [51]
demonstrate that the ratio of nutrients in the nutrient solution can be more critical for plant
growth than the availability of each nutrient separately.

According to the results of this study, the CAP nutrient solution demonstrated not
only a low potassium concentration and a low K*: Ca?* (67%) ratio but also a high Mg:
K (71%) ratio, parameters that disturb potassium absorption. If there is a high Mg?*: K*
ratio, the value of pH at the root zone is increased [30,66], as shown in this study (Table 2).
Huett [67] declares that the absorption of potassium declines as the EC, or the ratio of
K*: Ca?*, declines. Furthermore, plants prefer sodium uptake over potassium uptake if
the concentration is higher because of their antagonism for root entry [66]. This was a
predictable phenomenon in this study since the Na*: K* ratio in CAP NS was 83% greater
than HP’s and DCAP’s, respectively.
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The NH4*: [NH4*] + [NO3 ] ratio in CAP NS was detected to be 64%, 86%, and 66%
lower than the ideal for leafy, cucumber, and tomato crops, respectively. When the uptake
of cations (NH4*) exceeds that of anions (NO3 ™), the pH in the root environment decreases,
and vice versa [68]. For that reason, the CAP drainage solution always performed at a
higher pH value than the inserted nutrient solution, as ammonium concentration was
the most deficient in all crop cases (Table 2). Nevertheless, the optimum level of NH,*
concentration in aquaculture solution for tilapia fluctuates to 1.1 mg L~! [69], so it is
obvious that an aquaculture system with high welfare status can never promote the ideal
ratio of NH,4:NOj to any crop cultivation, and so the addition of ammonium fertilizer in
the nutrient solution of the plants is crucial.

The effect of these detected disorders is defined by the CAP leaf tissue analysis. In
terms of potassium content, the values of CAP were lower than those of HP and DCAP
plants in all crop cases. Additionally, sodium and calcium contents in CAP tissue exceeded
the respective values of HP and DCAP, especially in the tomato case, with 44% higher
sodium and 24% higher calcium leaf content than the other treatments. Researchers confirm
that CAP basil and tomato plants have higher calcium and sodium content than HP, with
high sodium causing slow death to the plant [70,71], while a high ratio of Na: K decreases
plant growth and finally brings toxicity [72]. To avoid the toxicity effects of sodium, its
concentration in the nutrient solution must be lower than 34.5 mg L1 [68].

Subsequently, the nutrient deficiencies (N, P, and K*) or toxicities (NH4*, Na™) and
ratio disorders (Mg2+: K*, Na*: K*, NHy*: [NH4*] + [NO37]) in the CAP solution are
expected to have a strong impact on the nutrient content in plant tissue. Nevertheless, the
nutrient assimilation of CAP plants did not deviate sharply from the optimum ranges in
the case of the leafy plants. Geisenhoff et al. [73] consider that plants with a short biological
cycle, like lettuce, do not need fertilizer additions for good plant performance. Fruit-bearing
vegetables, on the other hand, performed lower than the critical levels of nutrient content,
mainly in potassium and nitrogen. Tomato CAP plants showed an especially decreased
phosphorous absorption (38%) and supraoptimal calcium absorption (62%), indicating the
importance of potassium presence in tomato nutrient solution [74]. However, CAP fruit
content (marketable product) in nutrients does not seem to differ significantly from HP and
DCAP, except for potassium in tomato fruits.

Nutrient content in leaf and fruit tissue of DCAP plants, on the other hand, showed no
statistical differences with HP for all the cultivation periods. These results are in agreement
with research [75,76] for basil plants and for lettuce [9] as well. Graber and Junge [25]
demonstrated higher potassium content in HP tomato fruits (40.8 g kg 1) than in DCAP
(22 g kg~ !). Nevertheless, it is realized that this result comes from the 45 times lower
potassium concentration in the NS of the DCAP treatment than the HP’s. So, it is obviously
derived that just the implementation of fertilizers in RAS solution does not support the ideal
application of DCAP treatment, and the precise measurement of all nutrient concentrations
is required as applied in this study.

4.2. Systems Evaluation Based on the Nutrient Use Efficiency

The NUE is an indicator that shows the nutrient efficiency of agricultural systems. The
higher the value, the more effective the system is, and the less nutrients are released into the
environment. In the current research, NUE is defined as being greater in CAP plants than
in HP and DCAP. Yang and Kim [70] concluded for the first time that aquaponic treatment
can utilize nitrogen and phosphorous elements in a better way, demonstrating better NUE
values. Nevertheless, this phenomenon is more accurate if the NUE of both fish and plants
is included in the CAP NUE calculation. Aquaponic phosphorous use efficiency in CAP
was always higher than HDP, either with whole plants or with fish and plants, respectively.
In this study, the NUE of CAP plants was always higher than that of HP and DCAP plants
for nitrogen, phosphorous, potassium, and calcium, except for phosphorous in basil crops
and sodium in basil, cucumber, and parsley crops. The higher NUE of CAP plants indicates
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their ability to utilize nutrients in a better way, reducing nutrient supply and subsequently
minimizing the environmental impact of nutrients in drainage solutions.

DCAP plants also performed better than HP plants for nitrogen, phosphorous, and
potassium NUE, confirming that nitrate assimilated by plants in aquaponic systems in-
creases the NUE [77]. It seems that the RAS solution has a special composition that pro-
motes plant nutrient use efficiency. Delaide [78] assumed that two factors in RAS solution
stimulate nutrient uptake: dissolved organic matter (DOM) and plant growth-promoting
rhizobacteria and/or fungi (PGPR and/or PGPF). It has been observed that DCAP treat-
ment preserved the unique property of RAS solution even after the implementation of
fertilizers and overcame the impact of HP on plant nutrient use efficiency.

In summary, aquaponics has exciting, tangible potential, especially the decoupled
systems; however, there are still some issues that need to be solved in order to integrate the
hydroponic subsystems with the aquaculture one to maximize nutrient utilization efficiency.
More culture and nutrient strategies are urgently needed in order to cover the actual needs
of the plants with the least environmental impact. A series of nutrient sensors should be
added to the system in order to automate the process of nutrient preparation. Adaptation
of software that controls the system and the nutrient fluctuations will undoubtedly offer
automation and great welfare conditions for both plants and fish. Moreover, there is
currently no policy to subsidize the initial investment in the construction of aquaponics.
There are also problems, such as a lack of understanding of the new method, uncertainty
about its benefits, and concerns about health risks for consumers. Without know-how and
policy support, farmers cannot afford the cost of large-scale production, which limits the
development of aquaponics.

5. Conclusions

In the current study, the nutrient balance and the use efficiency of coupled and decou-
pled aquaponics were studied and compared with the conventional hydroponic system. To
our knowledge, it was the first time that coupled and decoupled aquaponic and hydroponic
systems were tested under the same environmental conditions in a pilot-scale greenhouse
system using a perlite substrate and drip irrigation system. According to the results, in the
CAP treatment, only the leafy plants managed to absorb a sufficient amount of nutrients
close to optimum levels, although the plants were irrigated with poor NS. On the other
hand, the fruit-bearing vegetables performed poorly in terms of nutrient assimilation, with
the possibility of negatively affecting the yield. All the crops in the CAP system, however,
had the least impact on the environment among the systems with the highest NUE values.
In the DCAP system, both leafy and fruit-bearing vegetables absorbed sufficient amounts
of nutrients close to optimum levels. The special composition of the RAS solution high-
lighted DCAP treatment with ideal nutrient assimilation and greater nutrient use efficiency
than HP. Meanwhile, the environmental impact of the DCAP system was lower than in
conventional hydroponics. Improving the fertigation management strategies applied in the
DCAP system, the environmental impact can be further improved by reaching the CAP
level. It is, thus, concluded that the application of the DCAP system is the key to aquaponic
evolution in the future.
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(EL-43BIO/exp-02) at the University of Thessaly.
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