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Abstract:



Nutrients that are contained in aquaculture effluent may not supply sufficient levels of nutrients for proper plant development and growth in hydroponics; therefore, they need to be supplemented. To determine the required level of supplementation, three identical aquaponic systems (A, B, and C) and one hydroponic system (D) were stocked with lettuce, mint, and mushroom herbs. The aquaponic systems were stocked with Nile tilapia. System A only received nutrients derived from fish feed; system B received nutrients from fish feed as well as weekly supplements of micronutrients and Fe; system C received the same nutrients as B, with weekly supplements of the macronutrients, P and K; in system D, a hydroponic inorganic solution containing N, Ca, and the same nutrients as system C was added weekly. Lettuce achieved the highest yields in system C, mint in system B, and mushroom herb in systems A and B. The present study demonstrated that the nutritional requirements of the mint and mushroom herb make them suitable for aquaponic farming because they require low levels of supplement addition, and hence little management effort, resulting in minimal cost increases. While the addition of supplements accelerated the lettuce growth (Systems B, C), and even surpassed the growth in hydroponic (System C vs. D), the nutritional quality (polyphenols, nitrate content) was better without supplementation.
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1. Introduction


Aquaponics is the combination of hydroponics and recirculating aquaculture in a single water cycle [1]. In aquaponic systems (AP), the nutrients that are needed for plant growth are entirely or partly supplied by fish waste; teleosts mostly excrete nitrogen (N) in the form of ammonia (NH4) through their gills [2,3], while their faeces contain organic N, phosphorus (P), and carbon (C) [4,5]. In contrast to AP, where most nutrients are organic in origin, conventional hydroponic cultivation techniques provide plants with inorganic nutrients [6]. Several authors have investigated the possibility of using organically bound nutrients [7,8,9], which need to be released by microorganisms before being assimilated by plants. This process is, however, slower than if inorganic nutrients are used [10]. It has been suggested that nutrients from aquaculture effluents may not supply sufficient levels of potassium (K), calcium (Ca) or iron (Fe) for proper plant development, therefore these need to be added as supplements to the system to ensure optimal plant performance [11,12,13,14]. However, adding these supplements requires closer management of the system and leads to greater costs [15,16,17]. Lettuce is commonly grown hydroponically in greenhouses. In these recirculating hydroponic systems, the disposal of large volumes of spent nutrient solutions, which still contain high concentrations of eutrophying nutrients, poses a significant ecological risk [18,19], and has recently been prohibited by some countries (e.g., The Netherlands).



In AP, the levels of nutrients are often lower than those in conventional hydroponics [20]; nevertheless, comparable levels of productivity have been reported. This poses the question whether “organically” derived nutrients are more effective than nutrients derived from readily soluble mineral fertilizers [20,21]. In order to establish this, it is important to know the exact nutrient demand of the crops being cultivated, i.e., whether they can thrive on the water composition derived from aquaculture directly or whether nutrient supplements are needed. Understanding this would also expand current knowledge on nutrient dynamics in AP.



The purpose of this study was to investigate the influence of three different AP nutrient regimes on crop productivity and quality, and to compare them to cultivation in conventional hydroponic systems. An additional goal was to establish whether maximizing management effort, in the form of administering large amounts of nutrients, maximizes the production for different plants species.




2. Results


2.1. Water Quality


Water in the floating raft tables, and therefore the plant root zone, (Figure 1) was subjected to large daily temperature variations of up to 12 °C, due to the shallow water and the direct exposure to sunlight. No differences were measured in water temperature between the four experimental systems, despite A, B, and C receiving warmer aquaculture effluent.


Figure 1. Plant root zone temperature (°C) in aquaponic systems A (red), B (green), and C (blue), and in hydroponic system D (grey).
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Nevertheless, the water quality was always compatible with fish health (Table 1), and the weekly fertilizer supplements ensured that targeted nutrient levels were achieved (Figure 2).


Figure 2. Concentrations of NO3-N, PO4-P, Ca, Mg, Fe, K, and CaCO3 (water hardness) in systems A (red), B (green), C (blue), and D (brown). Starting measurements show the baseline fish water quality before starting the experiments. Symbols (dots) represent measured values; based on these, fertilizer supplements were calculated in order to achieve the target values. The most probable progressions of concentrations were calculated and depicted with lines. The graph depicting water hardness reports only measured values, since there were no target values.
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Table 1. Recorded water quality and calculated average nutrient concentration in each system.










	Parameter
	n
	A
	B
	C
	D





	NH4-N (mg L−1)
	3
	0.15
	0.15–1.05
	0.11–0.15
	0.03–0.06



	NO2-N (mg L−1)
	3
	0.03
	0.03–0.04
	0.01–0.02
	0.25–0.04



	pH
	10
	5.1–6.9
	5.0–7.3
	5.0–6.5
	5.9–7.4



	O2 (mgL−1)
	10
	7.5–8.3
	7.1–8.6
	6.6–8.4
	5.9–7.6



	EC (µS cm−1)
	10
	760–1042
	550–1099
	1483–1858
	1234–1622



	T in fish tank (°C)
	10
	25.8–29.8
	24.8–28.4
	25.5–28.8
	-



	Average T in root zone (°C)
	>1000
	23.5
	23.9
	23.2
	22.9



	NO3-N (mg L−1)
	
	84
	62
	82
	63



	PO4-P (mg L−1)
	
	3.5
	1.9
	28
	28



	K (mg L−1)
	
	48
	35
	146
	123



	Fe (mg L−1)
	
	0.1
	1.8
	2.1
	2.3



	Ca (mg L−1)
	
	90
	74
	74
	117



	Mg (mg L−1)
	
	15
	11
	32
	35










2.2. Growth of Fish and Plants


The specific growth rates for the Nile tilapia over 57 days were 1.20%, 1.17%, 1.33%, and feed conversion ratios were 1.25, 1.49, and 1.16 in A, B, and C, respectively. During the experiment, only one fish died, and this was in system A (Table 2).



Table 2. Tilapia growth in three identical aquaponic systems, and calculation of feed conversion ratio (kgfeed/kgfish biomass).



	
Date/Duration

	
Parameters

	
Tank A

	
Tank B

	
Tank C






	
4 May 2015

	
Number of fish

	
50

	
50

	
50




	
Total weight (kg)

	
12.40

	
10.82

	
11.31




	
Average weight per fish (kg)

	
0.248

	
0.216

	
0.226




	
30 June 2015

	
Number

	
49

	
50

	
50




	
Total weight (kg)

	
24.11

	
21.03

	
24.20




	
Average weight per fish (kg)

	
0.492

	
0.421

	
0.484




	
57 days

	
Average weight gain per fish (kg)

	
0.244

	
0.205

	
0.258




	
Total fish biomass produced (kg)

	
11.96

	
10.25

	
12.90




	
Specific growth rate (%/day)

	
1.20

	
1.17

	
1.33




	
Feed conversion ratio (FCR)

	
1.25

	
1.49

	
1.16










The highest level of lettuce production (both as total biomass, and as shoots) was found in system C, followed by systems D, B, and A. The fresh shoot weight from the unsellable lettuce was 94 g, while fresh roots weighed 22.6 g. The lettuce was poorly developed with green-yellow leaves (Table 3). For mint, the highest level of production was observed in B, followed by C, D, and A. Despite the second highest level of production being in system A, six mints in this system were unsellable, with a total shoots weight of 22.6 g and poorly developed roots (total fresh weight of 0.6 g). These plants had suffered light deprivation due to the rapid growth of the surrounding plants. The mushroom herbs performed best in system A. The root systems of all the species were most developed in system A. The root-to-shoot ratio for three plant species was significantly higher in system A than in the other systems. Furthermore, this ratio was also significantly higher in system B than in C for the mushroom herbs (Figure 3).


Figure 3. Root-to-shoot ratio in lettuce, mint, and mushroom herb in all four systems. Values are means ± SD. Different lower-case letters indicate significant differences (p < 0.05); n = 6.



[image: Agronomy 08 00027 g003]






Table 3. Fresh biomass at harvest for the production of lettuce, mint, and mushroom herbs in all of the systems. Relative production was calculated separately as the fraction of the highest production value for each species.



	
Production Parameters

	
Lactuca sativa

	
Mentha piperita

	
Rungia klossii




	

	
A

	
B

	
C

	
D

	
A

	
B

	
C

	
D

	
A

	
B

	
C

	
D






	
Total No. of plants

	
36

	
36

	
36

	
36

	
72

	
72

	
72

	
72

	
72

	
72

	
72

	
72




	
No. of unsellable plants

	
1

	
/

	
/

	
/

	
6

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
No. of plants harvested

	
35

	
36

	
36

	
36

	
66

	
72

	
72

	
72

	
72

	
72

	
72

	
72




	
Total biomass (fresh) kg

	
9.2

	
10.6

	
13.5

	
12.4

	
7.7

	
11.6

	
10.5

	
9.9

	
1.31

	
1.25

	
0.76

	
0.98




	
Shoots (fresh) kg

	
8.0

	
9.8

	
12.3

	
11.3

	
5.7

	
9.5

	
9.0

	
8.7

	
0.67

	
0.66

	
0.43

	
0.53




	
Roots (fresh) kg

	
1.2

	
0.8

	
1.2

	
1.1

	
2.0

	
2.1

	
1.6

	
1.2

	
0.64

	
0.58

	
0.33

	
0.44




	
Average shoot weight g

	
222.0

	
272.4

	
340.5

	
313.6

	
78.7

	
132.4

	
124.3

	
120.3

	
9.32

	
9.20

	
5.97

	
7.39




	
Production (shoot) kg m−2

	
4.00

	
4.90

	
6.13

	
5.65

	
3.07

	
4.77

	
4.48

	
4.33

	
0.34

	
0.33

	
0.21

	
0.27




	
relative production %

	
65

	
80

	
100

	
92

	
59

	
100

	
94

	
91

	
100

	
100

	
64

	
79











2.3. Chlorophyll (CHL), Epidermal UV-Absorbance (FLV) and Nitrogen Balance Index (NBI)


The indices of plant status are shown in Figure 4. The mints in system A exhibited significantly lower CHL to FLV ratios (or NBI) than the mints in systems B and D. They also had significantly higher levels of FLV than mints in systems B, C, and D. Both of the values indicate a certain amount of stress response in mint when growing in the system without nutrient supplementation. No significant differences were found for these two indices in lettuce grown in different AP systems. However, the levels of CHL were highest in the lettuces from systems A and B, and significantly lower in those from C and D.


Figure 4. Chlorophyll content (CHL), phenolic compounds (FLAV), and chlorophyll to flavonol ratios (NBI) measured in lettuce and mint leaves in each experimental group. Values are means ± SD. Different lower-case letters indicate significant differences (p < 0.05); n = 6.
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2.4. Nitrate Levels in Plant Tissue


Significant differences in the mean NO3 content were found in mushroom herbs: plants from system B showed a significant increase in NO3 content when compared to the plants from the hydroponic system (Figure 5).


Figure 5. Nitrate content (mg kg−1) in lettuce, mint and mushroom herb leaves from the different experimental groups. Values are means ± SD. Different lower-case letters indicate significant differences (p < 0.05); n = 3.
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2.5. Dry Matter and CHN


The lettuce and mint shoot biomass had a higher dry matter content in system A than in the others (p < 0.05) (Figure 6 Left). The C/N ratio in the biomass, which reflects the N supply to the plant, was in most cases highest in AP System A, which received no supplements. In most cases, it was lowest in System D (hydroponic), while Systems B (micronutrient supplementation), and System C (micronutrient plus N supplementation) had intermediate values.


Figure 6. Biomass composition of the lettuce, mint and mushroom herbs in the experimental groups. Values are means ± SD. Different lowercase letters indicate significant differences (p < 0.05). (Left) Dry weight fraction of the total fresh biomass in the shoots and roots (n = 6). (Right): Carbon to nitrogen atomic ratio (n = 3).
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2.6. Water Loss during Storage


Lettuce from systems A, B, C, and D lost 24.6%, 22.3%, 21.8%, and 23.6% of water, respectively, within 14 days of storage. All lettuce lost turgor and presented brown edges.





3. Discussion


As expected, the lettuce grew the least in the non-fertilized system A (65% of the maximum production level observed in system C); conversely, the root biomass was the highest, which illustrates that the plants were trying to absorb as many nutrients as possible. The slow growth together with the strong root development may have been induced by the low concentration of P in system A. In fact, in system A, P was derived exclusively from the remains of fish feed and faeces that were constantly removed by the solids removal unit, thus decreasing the P concentration. Despite this, P did accumulate in system A during the trial, increasing from 2.64 mg L−1 PO4-P to 4.54 mg L−1. However, these values were still ten times lower than in systems C and D, where approximately 35 mg L−1 P was added weekly. Several authors [22,23,24] have shown that under P deficiency, plants like lettuce allocate energy to increase root growth (increasing their probability of finding this nutrient), rather than producing shoots, resulting in an increased root-to-shoot ratio. Studying greenhouse lettuce (L. sativa cv. ‘Rachel’), Buwalda et al. [25] found that a P shortage increases both the root-to-shoot ratio and dry matter content, while it decreases the NO3 content in the shoot. Previous studies may explain the higher root-to-shoot ratio of lettuce grown in aquaponics system A, even if these results may have been caused by the deficiency of micronutrients in the water, rather than by a P deficiency. In fact, despite the lower P concentration in the water, the final biomass of the lettuce cultivated in system B (micronutrients added) was higher than in system A. All three species that were grown in system A had higher dry matter contents, both in the shoots and the roots. However, only the lettuce and mint had lower concentrations of NO3.



NO3 is an important parameter to be considered when determining vegetable quality. After assimilation, NO3 can be transformed into NO2 and nitric oxide, which are dangerous to human health [26]. The consumption of vegetables rich in NO3 increases their concentration in the human body [27]. To prevent negative health impacts, the European Commission [28] regulates NO3 content in lettuces and other vegetables. The maximum amount of NO3 that is permitted in lettuces ranges from 2000 to 5000 mg kg−1, depending on the type of lettuce and the harvesting time. For Lactuca sativa cultivated in greenhouses and harvested between April 1 and September 30, the NO3 limit is 4000 mg kg−1. In this study, the concentration was below this threshold value for all of the experimental groups (see Figure 5). Moreover, no significant differences in NO3 in the leaves were found between the groups. Mint and mushroom herb, however, are not subject to this European normative regulation.



The lowest NO3 values were measured in the plants that were grown in system A, except for the mushroom herbs. High intensity light reduces NO3 levels in leaves [29,30,31]. However, in this research project, all of the plants were subject to the same natural light regime. Once again, the difference in NO3 content may be closely related to the P concentration in the water. Several studies have affirmed that P limitation decreases NO3 levels in leaves, decreasing N uptake by roots [32,33,34].



Furthermore, differences in NO3 accumulation in leaves may depend on the use of organic and inorganic N sources, especially in lettuce; Pavlou et al. [35] found that in romaine-type lettuce (Lactuca sativa cv. Corsica), inorganic N increases the concentration of NO3 in leaves when compared to organic N derived from sheep manure. However, the NO3 levels are subject to significant fluctuations in some vegetables.



NO3 and carbohydrates are involved in osmotic adjustment; specifically, their relationship is inversely proportional and is regulated by the intensity of light [36,37,38]. In this study, P-shortages seemed to reduce the N intake and increase carbohydrate production in the lettuce cultivated in system A. These results agree with several studies that described how P limitations induce the accumulation of carbohydrates, such as organic acids and sugars that are needed for osmotic regulation [39,40]. Consequently, an increase in the dry matter content was found in lettuce grown in system A, as reported by Sorensen et al. [41], who studied crisphead lettuce.



In terms of CHL, lettuces grown in system A had a significantly higher content than lettuces from all the other systems (A > B > C > D); this value may be negatively related to NO3 content in leaves; Behr and Wiebe [42] demonstrated that in lettuces, low NO3 levels increase the production of sugar, which is derived from an increase in photosynthetic activity and chlorophyll.



The C/N ratio was highest in the non-fertilized system A, where there was an obvious modification in the allocation of C and N. When comparing shoots of the plants that were tested, the C/N ratio and NO3 levels in the leaves seemed to follow opposite trends. However, C/N trends in both the shoots and the roots as well as the dry matter were similar. It is possible that the higher increase in C/N ratios in lettuce and mint grown in system A were connected to the shortage of other nutrients, such as Fe and P. This may have led to reduced nitrogen intake and consequently the accumulation of carbohydrates for osmotic adjustment, as previously described. This would also explain why the C/N values were again lower in System B, which was only supplemented with micronutrients. The deviating C/N trends that were observed in the mushroom herbs suggest that this plant has fundamentally different nutrient requirements to lettuce and mint.



The content of polyphenols in plants is a further interesting aspect to be considered. Polyphenol compounds, such as flavonols, are derived from secondary metabolism in plants [43]; their anti-oxidant activity makes these compounds important for human health [44,45,46]. However, polyphenolic compounds are also produced by plants in response to stressors; Fe deficiency may increase polyphenol synthesis in plants [47]. Mint cultivated in system A showed a significant increase in polyphenols compared to the other systems. This high value may depend on the Fe limitation in the water. Lettuce grown in system A also exhibited a higher polyphenol level, although these differences were not significant. Lettuce is considered to be an interesting source of phenolic compounds and, for this reason especially, a ‘healthy food’ [48]. Studying lettuce, Oh et al. [49] demonstrated that it is possible to use mild environmental stresses to improve the phytochemical content of substances considered health-promoting in human food.



Water parameters seemed to highlight a high level of variability in the nutrient uptake of the plants; K and N tended to accumulate in all of the aquaponic systems because of the constant supply of fish waste. Conversely, N and K were continuously consumed in system D, which received weekly supplements; in order to compensate, hydroponics are subjected to continuous nutrient control and therefore have higher management costs. However, it stands to reason that plants respond to different nutrient regimes, which are based on their nutritional requirements; lettuce needs more nutrients to improve the speed of growth than mint and mushroom herb, though the lettuce cultivated in system A also reached a commercial size in the same time. This lettuce showed even lower nitrate content, meaning system A returned healthier food for human consumption than the other systems.



Mint seemed to be more sensitive to micronutrient limitations than to macronutrient deficiency. Lastly, mushroom herb production was higher in A and B, and growth seemed to be inhibited under high nutrient concentrations.



In all three plant species tested, root biomass was more developed in the systems where management effort was lower (A and B), indicating that more energy was wasted by increasing the sorption surface, which enhances the probability of capturing nutrients. The benefit of these systems was that the lower edible yield corresponded to a lower NO3 content (except for the mushroom herbs), which produces a better quality of lettuce and mint.



High management effort does not correspond to maximum production yields and quality. For instance, nutrients enhanced the speed of growth, and the lettuce biomass grown in system C, even when a P shortage increased phenol compounds and decreased the nitrate content in the leaves of the system A lettuces. The addition of macronutrients to the cultivation of mushroom herbs and mint also resulted in inhibited productivity, meaning that money would be wasted in a production environment.




4. Material and Methods


4.1. System Design


The experiment took place between 29 May and 30 June 2015. Three identical aquaponic systems (A, B, and C) and one hydroponic system (D) were assembled in a foliar greenhouse at the Zurich University of Applied Sciences (ZHAW) in Wädenswil, Switzerland (47.217262, 8.681461) (Figure 7). Each AP consisted of a fish tank, a solids removal unit (drum filter), a moving-bed biofilter, an oxygenation zone, a solids thickening unit (radial flow settler—RFS), and a hydroponic unit. The biofilter was connected to the plant sump, to where water was pumped every 30 min. From the sump, water was continuously pumped to a hydroponic unit comprised of three table sections (1.2 m × 2 m each) for plant production, covering a total surface of 7.2 m2 for each AP. Each table section was filled with 25 mm water and was covered with floating styrofoam rafts (Dry Hydroponics B.V., NL). The plant holders allowed for densities of 20 plants per m2 for lettuces and 40 plants per m2 for mints and mushroom herbs. The total water volume in each system was approximately 4200 L. The conventional hydroponic system (D) consisted of a HP unit as described above and two sumps with a total volume of approximately 630 L. The backflow from the A, B, and C sumps to the aquaculture system drum filter was controlled by water level sensors that maintained a constant water level in the sumps. Fish sludge from the drum filter was passed to the RFS in order to sediment. The liquid supernatant was recirculated to the drum filters so that some of the nutrients and water could be retrieved. Settled and floating sludge were removed three times a week and were discarded.


Figure 7. Illustration of the aquaponic (A, B, C) and hydroponic (D) experimental units with water flows.
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Temperature and oxygen were regulated at 26 °C and 8 mg O2 L−1 by a HACH Lange SC1000 controller (HACH Lange, Loveland, CO, USA). Temperature, pH, electrical conductivity (EC) and oxygen levels were also measured three times a week using a HACH Lange HQ40d portable multimeter. Temperature loggers (Hygrochron iButtons, Maximintegrated, San Jose, CA, USA) were immersed in the first table sections of each system, in the plants’ root zone below the rafts.



Each fish tank was stocked with 50 Nile tilapia (Oreochromis niloticus, see Table 2), each weighing approximately 220 g (see Table 2). The fish were fed approximately 2% of their body weight per day with Tilapia Vegi 4.5 mm, a floating, extruded feed (Hokovit Hofmann Nutrition AG, Bützberg, Switzerland). (main ingredients: soybean meal, wheat, corn gluten meal, linseed oil; composition in g/kg: crude protein 375, crude lipid 72, crude fiber 23, ash 86)). Feeding was distributed over six automated feeding times (7:00, 8:00, 10:00, 12:00, 15:00, 17:00), and the total amount of feed added was recorded. The fish were monitored every day to evaluate feeding and appetite, and to check for possible deaths. Three crops were tested: lettuce (Lactuca sativa YACHT, Salanova®), the crop of most economic interest, and two herbs: a mint (Mentha piperita CHOCOLATE) and mushroom herb (Rungia klossii). Each hydroponic unit hosted 36 lettuces, 72 mints, and 72 mushroom herbs. The plants were exposed to a natural photoperiod.




4.2. Experimental Design


The lettuce seeds were pelleted (coated) [50] and planted individually in rockwool cubes in a seedling tray for germination on 5 May. The mints and mushroom herbs were purchased as seedlings and were planted in rockwool cubes to propagate. The cubes were punched and the center was removed to make space for the seedling. The seedlings were transferred to the floating styrofoam raft holes at the start of the experiment on 29 May. Initially, they were placed directly on the table, but after six, eight, and nine days (lettuce, mushroom herb, mint, respectively) the roots were long enough to reach the water and the seedlings were moved to the plant holders and placed on top of the rafts.



During cultivation, the plants were observed daily for signs of pests or disease. In the second week after planting, Amblyseius cucumeris predatory mites (in Vermiculite, Andermatt Biocontrol AG, Grossdietwil, Switzerland) were scattered at a density of 25 per m2 to combat thrips (Thysanoptera). No other treatment was necessary.



Four different nutrient regimes were applied over the four-week trial (see Table 4). In system A, nutrients were derived exclusively from fish feed; in system B, nutrients were derived from fish feed with supplements of micronutrients and Fe; in system C, nutrients were derived from fish feed with supplements of micronutrients and Fe plus the macronutrients P, K, magnesium (Mg), and sulfur (S). System D (hydroponic) served as a control, with a nutrient solution that was prepared using the same inorganic fertilizers as system C, with the addition of N and Ca. The amount of nutrients, cost, and management effort increased from system A to D. To maintain the pH at approximately 6, 16% nitric acid solution (HNO3) was added to the hydroponic system (D), while potassium hydroxide (KOH) was added to the aquaponic systems (A,B,C) to buffer the pH at 6.5. The total input of HNO3 and KOH are recorded in Table 4.


Table 4. Total input for the four experimental systems (A, B, and C = Aquaponic systems; D = Hydroponic system).


	Elements
	Source
	Product Name & Supplier
	Unit
	A
	B
	C
	D





	(all)
	Fish feed
	Tilapia Vegi 4.5 mm

Hokovit, CH
	kg
	9.20
	9.74
	9.50
	0



	Zn, B, Mn, Mo, Cu
	Micronutrient solution
	Multi Micro Mix

Ökohum, Langrickenbach, Switzerland
	g
	0
	242
	242
	32.9



	Fe
	Iron DTPA solution
	SARL Plantin, France
	g
	0
	558
	478
	66.8



	P, K
	Monopotassium phosphate, KH2PO4
	Krista™-MKP

Yara GmbH & Co. KG, Dülmen, Germany
	g
	0
	0
	1401
	209



	Mg, S
	Magnesium sulfate Heptahydrate (MgSO4·7H2O)
	Bittersalz, rein technisch

K + S KALI GmbH, Kassel, Germany
	g
	0
	0
	1818
	228



	K, S
	Potassium sulfate, K2SO4
	SOP 100% soluble

Yara GmbH & Co. KG, D
	g
	0
	0
	2551
	353



	NO3, Ca
	Calcium nitrate, CaNO3
	YaraLiva™ CALCINIT™

Yara GmbH & Co. KG, D
	g
	0
	0
	0
	317



	KOH
	KOH
	KOH ≥85 %, Carl Roth GmbH, Karlsruhe, Germany
	g
	250
	200
	950
	0



	Nitric acid
	HNO3 (16%)
	Sigma-Aldrich (St. Louis, MO, USA) (FLUKA)
	mL
	0
	0
	0
	350









The system water was analyzed weekly for phosphate-phosphorus (PO4-P), ammonium-nitrogen (NH4-N), nitrite-nitrogen (NO2-N), nitrate-nitrogen (NO3-N), K, Fe, Ca, Mg, and water hardness (Calcium carbonate, CaCO3) using HACH Lange LCK Tests and the values measured using a DR3800 VIS Spectrophotometer (HACH Lange). The required quantities of nutrient supplements to be added to each system were calculated using a HydroBuddy calculator, v1.50 [51]. Target values were set at 60 mg L−1 NO3-N, 35 mg L−1 PO4-P, 150 mg L−1 K+, 3 mg L−1 Fe, 130 mg L−1 Ca2+, 40 mg L−1 Mg2+. Fertilizers were added directly to the biofilter or to the two hydroponic sumps in system D.




4.3. Sampling Plants and Fish


The experiment ended after approximately four weeks, when the plants had reached commercial sizes. Lettuces, mints, and mushroom herbs were sampled and harvested on 26, 29, and 30 June, respectively. The plants were categorized into sellable and unsellable; the unsellable plants were excluded from further biomass analysis. The plants were harvested by cutting above the substrate, the rock wool substrate block was removed, including the roots it contained, and the roots that were protruding from the substrate were separated from the plant. The total biomass, fresh shoot weight, fresh root weight, and root-to-shoot ratio were recorded. The final fish biomass was also recorded at the end of the experiment.




4.4. Assessing Plant Quality


Before harvesting, the chlorophyll content (CHL), epidermal UV-absorbance (FLV), Nitrogen Balance Index (NBI), and anthocyanins (ANTH) were determined for live lettuce and mints using a Dualex® scientific leaf clip (ForceA, Orsay, France), while the thick leaves of the mushroom herbs did not allow for this method to be used. Dualex Scientific is a hand leaf-clip tool that combines the use of fluorescence and the light transmission of leaves to determine leaf condition [52].



The chlorophyll and phenolic compound content provides information on the condition of the plant; in optimal conditions, plant photosynthesis produces proteins and chlorophyll through primary metabolism; conversely, in the case of a nitrogen deficiency, plants activate their secondary metabolism, which is associated with the production of secondary compounds i.e., flavonols. NBI is the ratio between CHL and FLV and is an indicator of the N status of plants; FLV is an index of the phenolic content, which mostly consists of flavonols.




4.5. Nitrate Levels in Leaf Tissue


Three samples of lettuce, mint, and mushroom herb were collected and stored at −20 °C for NO3 measurement. The analysis was conducted on the leaves of the lettuce and mint, and on the leaves and stems of the mushroom herb. The samples were firstly blended, and then 10 g were transferred to a beaker and were diluted in 50 mL distilled water. The beaker was covered with a watch glass and the solution was boiled and stirred for 15 min, before water was added to adjust the final volume to 100 mL. A colorimetric strip was immersed in the solution and then read in a spectrophotometer (Reflectoquant®Nitrate-Test, Merck, Darmstadt, Germany) to give the NO3 value in mg L−1.




4.6. Organic Matter and CHN-Elemental Analysis


Three specimens of each variety were harvested and weighed (in duplicate) as described in Section 2.4. Samples were dried at 105 °C to a constant weight (for approximately 48 h). The dried samples were powdered and 0.1 g of each sample (in duplicate) was folded in aluminum foil for C and N analysis in a CHN analyzer (LECO, TruSpec CHN Macro Analyser, Saint Joseph, MI, USA).




4.7. Water Loss during Storage


Water loss can indicate the quality of leafy vegetables. After harvesting, high water loss during storage results in decreased marketable weight and impairs visual quality. Moreover, water loss makes vegetables more sensitive to pathogen attack [53]. To determine post-harvest water loss, six lettuce samples from each experimental system were harvested, wrapped in a perforated plastic salad bag, weighed, and stored in the dark at +4 °C. Over the following two weeks, the samples were weighed every second day.




4.8. Statistical Analysis


A one-way analysis of variance was applied to the data, followed by Bonferroni’s multiple comparison test to determine the differences between the groups using GraphPad Prism statistical software, version 5.00 for Windows (GraphPad Software, La Jolla, CA, USA, www.graphpad.com). The significance level was set at p < 0.05.





5. Conclusions


In conclusion, this study highlights that higher management effort and costs do not always result in optimal plant growth; the management effort is highly dependent on the plant species that are cultivated. More specifically, the moderate nutritional requirements of mint and mushroom herb make them suitable for farming in AP with little management effort and costs. For lettuce, the addition of micro- and macronutrients improved the speed of growth, even though lettuce grown in the non-fertilized system reached a commercial size in the same timeframe. It is therefore important to know the nutrient response of each species that is cultivated in aquaponics in order to optimize productivity and investment.
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