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Abstract

:

Aquaponics is a plant and fish co-cultivation system with high sustainability, yet sub-optimal concentrations of Fe and K often compromise crop yields. We cultivated the Mediterranean wild edible Cichorium spinosum L. (Greek name: stamnagathi) in an aquaponics setup following a minimal supplementation approach that focused on Fe and K. Stamnagathi and tilapia fish were co-cultivated under (i) solely Fe, (ii) Fe+K input and (iii) no-input Control treatments. We aimed to evaluate the feasibility of aquaponics for stamnagathi cultivation, identify the system’s bottlenecks, and propose optimization measures. Several plant’s growth and functional parameters were monitored throughout the 35-day experimental period, notably instantaneous gas exchange and photosynthetic capacity via light response curves, state and efficiency of the photosynthetic machinery, pigment content, and yield and morphometric assessments. Fish growth characteristics and survival rates remained unaffected. Fe deficiency was crucial in shaping the responses of Control stamnagathi, which showed inferior performance in terms of photochemistry, chlorophylls content, light use efficiency and, subsequently, photosynthetic activity. Fe and Fe+K-treated plants exhibited similarly high performance in all studied parameters and achieved 4.5- and 4-fold increased yields, respectively, compared to Control. The results demonstrate that aquaponics is an advantageous cropping system for stamnagathi and solely Fe supplementation is adequate to promote excellent performance and yield of this oligotrophic species.
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1. Introduction


Aquaponics is a sustainable food production system that combines aquaculture and hydroponics [1]. Its basic principle is the use of the water recirculating between three sub-systems where fish, crops and bacteria grow. Fish waste enriches the water with nutrients and ammonia, where the latter is transformed to nitrate through the nitrification performed by bacteria; all these nutrients are used for the fertilization of plants, which by absorbing them, purify the water that is directed back to aquaculture. The main advantage of the system is resource-saving (i.e., water and nutrients), while converting waste into resources under a circular economy framework ensures its low environmental impact, as well as its sustainability [1,2]. Another advantage lies in the versatile nature of aquaponics in terms of (i) variable fish and crop coupling, resulting in a profitable product diversity, and (ii) the system’s size [3,4]. Concerning the latter, aquaponics farming ranges from large-scale commercial facilities to small-scale domestic installations, the common features of which are indoor cultivation and limited space, which both facilitate urban use [5]. This is increasingly significant since, nowadays, almost 54% of the world’s population lives in urban areas, necessitating progress in urban agriculture and local food production systems [6,7].



In the early years of aquaponics research, the expectation of a self-sustained operation prevailed. It was considered possible to produce efficient crop and fish yields without external inputs apart from fish feed. This would be achieved by engineering the system through an optimal coupling of fish stocking and hydroponic size. However, these expectations were shown to be unrealistic. Certain essential nutrients for crop growth, mainly Fe and K, are at sub-optimal concentrations in virtually all tested aquaponics systems [8,9,10]. This issue was usually addressed by adding several micro- and macro-nutrients to the levels proposed for hydroponics [11]. This approach, though efficient in enhancing plant productivity, raises concerns regarding aquaponics sustainability and its ecological footprint. In our previous work with lettuce and spinach, we introduced a new concept for tackling nutrient deficiencies while simultaneously retaining the system’s advantages, i.e., the minimal supplementation approach [9,12]. We focused on Fe and K enrichment of the aquaponic water and examined the crop’s response in terms of both function and growth. The results were species-specific concerning crop performance and the particular nutrient deficiency that constituted the bottleneck, posing limitations to crop productivity. Therefore, cultivated species should be tested in this framework to study how they function under minimal supplementation conditions and how we can optimize their performance.



The aquaponics setting has been routinely studied in regard to its potential for the production of high-commercial-value crops, such as lettuce, spinach, and tomato [8,9,12]. To the best of our knowledge, aquaponics has never been tested for the cultivation of wild edible species. Nevertheless, there is a growing interest in cultivating these species, mainly by targeting the valorization of their health-promoting characteristics [13]. To this direction, it is important to develop standardized and sustainable cultivation protocols [14]. Aquaponics could be an efficient alternative to the current agricultural practice of adopting the fertilizer regimes applied to intensive crop farming. This latter approach except of being unsuitable for wild oligotrophic species, also has adverse impacts on product quality, as well as the commonly described negative effects of soil and groundwater quality [15].



Cichorium spinosum L., known as spiny chicory and stamnagathi, is a wild edible species thriving in the coastal and mountainous habitats of the Mediterranean basin. Its exceptional taste and high abundance promoted its traditional culinary use, making it a major constituent of the Mediterranean diet, and more specifically, the famous Cretan diet [16]. The analysis of its phytochemical content confirmed the traditionally assumed health-promoting properties since it was found to be rich in antioxidant compounds, as well as vitamins (C and K1) and minerals [17]. Collectively, all the above benefits classified stamnagathi within the group of “healthy” food crops and created a market niche for its commercial cultivation. As a result, stamnagathi was recently introduced as an alternative vegetable crop. Subsequently, research efforts were developed to create a cultivating protocol, the target of which, however, was the maximization of productivity without concerns about the sustainability of its production in terms of chemical fertilizers and water use [18,19]. Nevertheless, wild plants, especially those originating from Mediterranean ecosystems, are oligotrophic and their whole performance is based on this feature. Additionally, low-input crop management is a pivotal feature in the context of sustainable agriculture.



In the present study, we cultivated stamnagathi in a highly sustainable system, i.e., aquaponics. We applied the minimal supplementation approach in cultivating this oligotrophic species and we aimed at (a) thoroughly monitoring its growth and functional performance, focusing on photosynthesis-related processes and compounds, and the antioxidant activity as a surrogate of health-promoting features, and (b) identifying the aquaponic system weak points in order to evaluate its suitability and efficiency for this species cultivation and suggest optimization measures.




2. Materials and Methods


2.1. Experimental Design, Growth Conditions and Aquaponic Systems


The experiment was performed at the Aquaculture Laboratory, Section Aquaponics, School of Agricultural Sciences, University of Thessaly, Greece. Nine indoor laboratory-scale aquaponic systems were used for the co-cultivation of stamnagathi and red tilapia (Oreochromis sp.), which were assigned to three treatments (three replicates per treatment): (a) aquaponic solution with no inputs (Control), (b) aquaponic solution with iron supplementation (Fe), and (c) aquaponic solution with iron and potassium supplementation (Fe+K).



The addition of Fe and K was performed at nutrient target concentrations of 40 μmol L−1 for Fe and 7.50 mmol L−1 for K, according to the concentrations found to be effective in previous cultivations in the same aquaponic setup [9,12]. The selected chemical forms for nutrient supplementation were Fe-DTPA (GEOLIX EPE, Chelated Iron DTPA 11%) and potassium sulphate (K2SO4, HONEYWELL FLUKA). The first addition of Fe and K was performed in the sump on the fifth day after transplantation to hydroponic beds. The concentration of Fe and K in the recirculating water was assessed once a week at the inlet point of each raft hydroponic unit. Water sampling was performed before the first meal of the fish. After filtration by glass fiber syringe filters (0.7 μm), the samples were measured immediately with a photometer (DR3900, Hach Lange, Düsseldorf, Germany) using pre-weighted reagents (Iron TPTZ Method 8112, Hach Lange, Düsseldorf, Germany) for Fe determination. A flame photometer (JENWAY, PFP7 Flame Photometer, Jenway, UK) was used for the measurement of potassium, and the concentrations were estimated via standard curves. The amount of fertilizers missing relative to the target concentration were calculated and added to the sump filters after their dilution in two liters of non-chlorine water.



Coupled aquaponics were used, the full description of which can be found in Tsoumalakou et al. [12]. Briefly, each aquaponic system of 135 L total water capacity consisted of three glass-made sub-units that were arranged vertically: a raft hydroponic unit (54 L and 0.18 m2 area) in the upper position, a fish rearing tank (54 L) in the middle and a sump filter (27 L) in the bottom. The latter hosted both the mechanical and the biological filter in separate compartments. The mechanical filter was made from sponges and fiberglass for solids retention and the biological one consisted of 4 L ceramic rings (siporax, 15 mm, Sera GmbH, Heinsberg, Germany), 2 L bioballs (36 mm) and 1 L cylindrical substrate K1 Kaldness media (11 mm). The filter was colonized by nitrifying bacteria (Biodigest, PRODIBIO, Marseille, France). The room temperature was constantly kept at 21.84 ± 0.10 °C and the relative humidity at 55.71 ± 0.40% (Opticlimate, models 15,000 PRO3 and PRO4, AirSupplies Nederland BV, Hoofddorp, The Netherlands).




2.2. Monitoring of the Water Physicochemical Parameters


pH was measured daily, while oxygen (O2, mg L−1) and electrical conductivity (EC, μS cm−1) were measured three times a week in the middle of the fish tanks with portable instruments (HQ40d, Hach Lange, Düsseldorf, Germany for pH and O2 and CRISON CM35, Crison Instruments, s.a., Balcelona, Spain for the EC).



Once a week, the water nutrient concentrations were determined photometrically (DR3900, Hach Lange, Düsseldorf, Germany) using the same filtered water as described above (Section 2.1). The nutrients were measured with pre-weighted powder reagents according to their protocols (Hach Lange, Düsseldorf, Germany): ammonia (NH3, salicylate method, 8155), nitrite (NO2−, USEPA diazotization method, 8507), nitrate (NO3−, cadmium reduction method, 8039), phosphate (PO43−, USEPA PhosVer 3, ascorbic acid method, 8048), and sulfate (SO42−, USEPA, SulfaVer 4 method, 8051). For the determination of calcium (Ca2+) and sodium (Na), a flame photometer (JENWAY, PFP7 Flame Photometer, Jenway, UK) was used, and the concentrations were calculated via the corresponding standard curves.




2.3. Tilapia Rearing Conditions and Growth Performance


The red tilapias (Oreochromis spp.) were reared for six months before the commencement of the experiment on the premises of the Aquaponics laboratory. All experimental procedures were conducted according to the guidelines of the EU Directive 2010/63/EU regarding the protection of animals used for scientific purposes and were applied by FELASA accredited scientists (functions A–D). Ninety tilapias were acclimatized for 15 days in the aquaponic tanks before the commencement of the experiment. The juveniles were equally distributed based on their weight in the nine aquaponic systems. The exact number of fish for each system was estimated using the equation for the carrying capacity of an aquarium proposed by Hirayama [20]. The equation estimates the carrying capacity derived from the rates of pollution and possible purification in a closed culture system or aquarium. For the calculations, the oxidizing capacity of the filter and the pollution load were measured. Ten red tilapias with initial body weight of 5.70 ± 0.16 g and length of 7.00 ± 0.07 cm (fish stocking density 4.6 kg m−3) were placed in each aquaponic system. During the experiment, the fish were fed ad libitum six days a week and two times a day (10:00 and 16:00) up to satiation. We observed the fish’s behavior while feeding to ensure there was no unconsumed feed left and no feed waste. The above-mentioned feeding schedule with one day without feeding was applied since the adoption of short dietary restrictions and temporally fasting (i.e., compensatory growth) was shown to generate growth acceleration upon return to feeding while maintaining fish welfare [21]. A commercial fish feed that contained 47.5% crude protein, 6.5% crude fat, 2.0% crude fiber and 6.0% moisture (Tetra Discus Granules, 2 mm, Tetra, Spectrum Brands Inc., Blacksburg, UK) was used. The daily feed consumption was measured by weighing the amount of fish feed before and after daily meals (g day−1). Fish feces removal from the tanks by siphoning and cleaning the mechanical filter with tap water were performed daily. At the end of the experiment, the fish were anesthetized with tricaine methansulfonate (MS 222, 5 mg L−1) to record their weight and length and to estimate the following growth parameters:




	
Survival rate, S (%) = (Final number of fish/Initial number of fish) × 100



	
Weight gain, WG (g) = Final weight − Initial weight



	
Specific growth rate, SGR (% day−1) = ((ln Final weight − ln Initial weight)/∆t) × 100



	
Feed conversion ratio, FCR = Food offered (g)/weight gain (g)









2.4. Stamnagathi Cultivation


Young plants of stamnagathi were bought from a local nursery. In total, 45 plants with an initial weight of 5.62 ± 0.47 g and rosette diameter of 15.68 ± 0.54 cm were randomly distributed in nine aquaponic systems (15 plants/treatment) at a density of 28 plants m−2 and were cultivated for 35 days until they reached the marketable size. Each hydroponic unit (raft) consisted of a floating polystyrene sheet (2.5 cm thick) in which five black round net pots (Hydrofarm, 8.3 × 6.6 × 5.6 cm, Hydrofarm Europe, Zaragoza, Spain) were placed and filled with lava grains (0.7 cm). HPS lamps (400 W, Feilo Sylvania Europe Limited, London, UK) were placed above the plants providing a mean photosynthetic photon flux density (PPFD) of 362.18 ± 4.51 μmol m−2 s−1 (PPFD meter, Skye Instruments Ltd., Llandrindod Wells, UK). The photoperiod was set to 12 light:12 dark and was controlled with a timer. Small fans were hanged close to the raft units to avoid overheating by the lamps and to maintain the optimal temperature for the plants, which was monitored once a week via a thermocouple (CONSORT, T651, Consort bvba, Turnhout, Belgium).




2.5. Plant Growth, Physiology and Biochemical Analysis


2.5.1. Growth Performance


At the final harvest, the leaf area (cm2) and the diameter of the rosette were estimated using image analysis performed on photographs of plants taken from a standard height (ImageJ, Open-source software, ImageJ.net/version. ImageJ 1.51j, USA). After that, the plants were separated into leaves and roots. The number of leaves and their fresh weight were measured immediately. The dry weight of leaves and roots was determined after drying at 80 °C for 48 h, and the root-to-shoot ratio was calculated from the biomass data.




2.5.2. Total Chlorophyll Content


The total chlorophyll content was determined weekly using a portable chlorophyll meter SPAD 502 (Konica Minolta, Tokyo, Japan) on three leaves of different growth stages per plant (15 plants/treatment). SPAD values were converted to actual chlorophylls a + b concentrations via a standard curve. For this, after recording the SPAD values, the measured leaf part was cut and extracted with acetone (80%). The samples were centrifuged (4000 rpm for 10 min) and, finally, the absorbance was recorded at four wavelengths (720, 663, 646 and 470 nm) using a dual-beam spectrophotometer (SHIMADZU UV 1900 UV-VIS Spectrophotometer, Duisburg, Germany). The concentrations of chlorophylls a and b per unit area were calculated from the equations of Lichtenthaler and Wellburn (1983) [22].




2.5.3. Photochemical Reflectance Index (PRI)


PRI is an index based on leaf reflectance measurements, specifically in two wavelengths at 531 and 570 nm and is calculated through the following equation: PRI = (R531nm − R570nm)/(R531nm + R570nm), where R is the reflectance [23]. In the current study, a portable instrument PlantPen PRI 210 (Photon Systems Instruments, Drásov, Czech Republic), which directly recorded the PRI values, was used. The measurements were performed once a week on mature leaves (15 replicates/treatment) before the lights were turned on. The data were extracted with the FluorPen Software (Photon Systems Instruments, Drásov, Czech Republic).




2.5.4. Photosynthesis and Light Response Curves


The net photosynthetic rate was monitored during the experiment with a portable photosynthesis system (LI-6400 XT, LI-COR, Lincoln, NE, USA). Mature leaves were measured (6 replicates/treatment) on the experimental days 8, 15, 25 and 35. Instantaneous gas exchange measurements were performed under the following conditions: 450 ppm CO2 (6400-01 CO2 Injector, LI-COR, Lincoln, NE, USA), 340 µmol m−2 s−1 PPFD (6400-02B LED Light Source, LI-COR, Lincoln, NE, USA) and 22 °C. On the same experimental days, photosynthetic light response curves were also performed on a mature leaf per plant (4 replicates/treatment). A standard protocol for the transition from high to zero light intensity was followed including 10steps, notably 1000, 800, 600, 400, 200, 100, 80, 50, 20 and 0 μmol m−2 s−1, with a duration of 3 min each. The data were analyzed by a modified non-rectangular hyperbola proposed by Markos and Kyparissis [24], through which the maximum photosynthetic rate (Amax), quantum yield of photosynthesis (a, mole CO2 per mole PAR incident on the surface of the leaf) and dark respiration (Rd) were estimated.




2.5.5. In Vivo Fluorescence of Chlorophyll a


The chlorophyll a (chl a) fluorescence was assessed weekly on one mature leaf from every plant (15 replicates/treatment) with Handy PEA+ fluorimeter (Hansatech Instruments Ltd., King’s Lynn, UK). The measurements took place before turning the lights on in the morning to assess the full dark-adapted state of PSII. The transients of chl a fluorescence were recorded after illumination of the leaves with 3000 µmol photons m−2 s−1 of a red LED array at 650 nm for two seconds. The instrument recorded the signal of fluorescence at T1—50 µsecs, T2—100 µsecs, T3—300 µsecs, T4—2 msecs and T5—30 msecs. Finally, the transients were analyzed with PeaPlus Software v.1-13 (Hansatech Instruments Ltd., King’s Lynn, UK) and various fluorescence parameters were estimated as described in detail in our previous work [9].




2.5.6. Antioxidant Activity


The antioxidant activity was estimated with the DPPH assay (2,2-diphenyl-1-picryhydrazyl), which is considered an indicator of leaf radical scavenging activity. The protocol described by Goupy et al. [25] and Hayes et al. [26] was used with a few modifications, which are described in [9]. The sampling of mature leaves (15 replicates/treatment) took place on day 15 (D15), D25 and D35, just before the final harvest, after which the collected leaves were flash-frozen in liquid nitrogen until measurement.




2.5.7. Elemental Tissue Analysis


The concentrations of nutrients in leaves of stamnagathi were determined using ICP-OES spectroscopy (SPECTRO Analytical Instruments GmbH, Kleve, Germany), following the protocol published by Avdouli et al. [27]. Three samples/treatment produced from pooling mature leaves of three plants were measured.





2.6. Statistical Analysis


Data were analyzed with one-way ANOVA, followed by Tukey’s post hoc tests. In cases where the ANOVA prerequisites were not valid, the non-parametric Kruskal–Wallis test was used, along with the post-hoc Dunn’s test. The level of significance was set at p ≤ 0.05. All statistical analyses were performed with JASP v.0.16 software (JASP Team 2021 Computer Software v.0.16).





3. Results


The physicochemical and quality parameters of the water are presented in Table 1. The pH was almost constant in each treatment throughout the experimental period, appearing a slight but statistically significant reduction in the control treatment. In contrast, the EC was almost doubled in the Fe+K treatment due to the K fertilizer input since the Fe input did not change the EC, as shown in the Fe treatment characteristics. Concerning the ions contents, the supplementation of K and Fe was well reflected in their concentration in the water with significantly increased values compared with the no-input control. The remarkably enhanced value of SO42− in the Fe+K treatment was ascribed to the sulfuric form of K fertilizer; however, the similar picture of Na cannot be explained. The various N forms showed differential profiles; while NH3 and NO2− were stable and invariable among treatments, NO3− was found to have an enhanced concentration in the control compared with the others. The latter was the result of significant increases after D21 (data not shown), which was a time point that coincided with reduced control plant performance (see below); thus, this was related to decreased plant absorption. The PO43− and SO42− concentrations were similar and almost constant during the experiment.



The red tilapia growth performance did not show any statistically significant differences among the treatments. High SGR and low FCR values (Table 2) in all treatments confirmed that the tilapia demonstrated significant growth. In addition, the fish reared in all tested conditions exhibited high survival rates.



Control plants showed significantly inferior performance in all growth parameters determined at the final harvest in comparison with the other two treatments, which responded similarly (Table 3). The differences were a 50% increased rosette diameter and root biomass and 4.3- and 3.7-fold increases in leaves fresh weight in the Fe and Fe+K groups, respectively, over the control. Analogous remarkable differences were also recorded for the leaf area and dry weight. Collectively, nutrient supplementation significantly promoted the yield of stamnagathi cultivation, which exhibited 4.5- and 4-fold enhanced values in the Fe and Fe+K treatments compared with the control. The latter invested comparatively more biomass in the roots than shoots, resulting in a higher root-to-shoot ratio.



Pigments content, PRI and net photosynthetic rates were measured throughout the experimental period (Figure 1). The total chlorophylls content was almost stable and at high levels in the Fe and Fe+K groups. However, Control plants experienced a significant decline in their chlorophyll concentrations already from D15, which deteriorated over the course of the experiment, reaching values 70% lower than the other treatments at the end. These changes in chlorophylls were reflected in the PRI, where the control plants showed statistically significant reductions from D22, reaching negative values in the subsequent measurements, in contrast with the constantly high values found in Fe and Fe+K groups. The downward trends in chlorophylls and PRI profile had negative consequences for An, which appeared with a slight time lag. A non-significant decrease in An of Control was evident on D15, which became significant in statistical terms in the following measurements until the end of the experiment.



The picture of photosynthetic performance was completed by the light-response curves presented in Figure 2. The profile of instantaneous measurements (An) was confirmed by the photosynthetic response along the light gradient and Amax. The first signs of impaired photosynthesis in the control plants appeared on D15, already from the low intensity of 200 μmol m−2 s−1 until the highest one, resulting in lower Amax; still, the quantum yield of photosynthesis (a) was not impacted. The latter happened from D25 onward, where a dropped by half, reduced photosynthesis was found from even lower than 100 μmol m−2 s−1 PPFD, and Amax of the control plants reached a 64% decrease compared with the Fe and Fe + K groups in the final measurement (D35). No significant differences were recorded in Rd throughout the experiment.



The course of chlorophyll fluorescence parameters provided early detection of the stress in the control plants already from D15 (Figure 3). At this time point, a significant decline in all the components of photosynthetic efficiency was recorded, denoting an impacted photosynthetic apparatus; quantum yields and efficiency of electron transport to intermediate and final acceptors (φΕο, φRo, ψEo and δRo respectively), as well as PSI-related yields (1-VI, 1/VI) and the relative pool size of electron carriers, showed a pronounced downtrend. Consequently, both determined performance indices, i.e., PIabs (indicating the conservation of energy absorbed by the antenna of PSII) and PItotal (indicating total photosynthetic efficiency), were significantly reduced. However, on D15, the energy fluxes per reaction center were sustained at the same level as the Fe and Fe+K groups. This changed in the next measurement, where considerable increases in dissipated (DIo), trapped (TRo) and absorbed (ABS) energy per RC were recorded. A similar picture also appeared in the final measurement. The absence of any differentiation between the Fe and Fe+K treatments throughout the experiment is noteworthy.



The profile of leaf antioxidant activity under the various treatments is presented in Figure 4. The control plants significantly outperformed the other two groups only in the first assessment on D15. On D25 and D35, the values of the control were slightly reduced, making the among-treatments differences insignificant.



Leaf nutrient content was analyzed at the final harvest (Table 4). The concentrations of Fe and K in leaf tissues well reflected the corresponding nutrients supplementation in the RAS water, outweighing Control. The latter also displayed a significantly lower N content compared with the Fe+K group. In contrast, the contrary, Control plants accumulated more Ca, Mg and Zn in their leaves than the Fe and Fe+K-treated plants. Finally, no differences were recorded in the P, Mn and Cu concentrations.




4. Discussion


The results of the present study demonstrate that aquaponics is an advantageous cropping system for stamnagathi if Fe is supplemented. The yields in the Fe and Fe+K treatments were considerably higher than the ones reported for stamnagathi experimental cultivation in soil [18] and hydroponics [19], although the concentrations of nutrients in the aquaponics recirculating water were far lower. The yield of Control plants, however, was considerably lower than the values reported in these studies. Interestingly, the higher yields in the Fe and Fe+K- supplemented aquaponics were achieved in a shorter cultivation period, i.e., a quarter of the time required for soil cultivation and half the time for hydroponics. This outcome may have resulted from processes not encountered in this study, such as an Fe-triggered microbial contribution on plant growth acceleration since the microbiota of fish water were identified to promote yield in aquaponics [28]. Nevertheless, as mentioned before, the outperformance of aquaponics over hydroponics and soil definitely cannot be ascribed to high nutrients in the recirculating water. Indicative of the nutrient levels differences among the cultivation settings was the total nitrogen concentration; it never exceeded 22.14 mg L−1 in aquaponic treatments, a value that is one order of magnitude lower than the 300 mg L−1 used by Petropoulos et al. [18] in their pot experiment. The latter heavy fertilization scheme resulted in a yield of 30–44 g per plant after 118 days of cultivation, while the Fe and Fe+K groups of the present study succeeded 59.4 and 50.6 g per plant, respectively, after 35 days. The superiority in yield was more pronounced if we compare the abovementioned findings with 28 g per plant, which was the maximum value reported by Chatzigianni et al. [19] in hydroponics after 60 days, irrespective of the treatment. They tested two levels of total nitrogen, i.e., 56 and 224 mg L−1, both being remarkably higher than ours, notably 2.5- and 10-fold higher, respectively. Interestingly, they did not find any significant difference in the growth response of stamnagathi.



Concerning the water quality of the present work, similar pH and O2 concentrations were evident in all three treatments, while the addition of K in the form of K2SO4 resulted in a significant increase in the EC of the corresponding group, reaching 1320 μS cm−1. Nevertheless, this EC level is not considered a stress factor for stamnagathi, which is a salt-tolerant species. Petropoulos et al. [29] tested various EC levels ranging from 1800 to 8000 μS cm−1 and reported that stamnagathi thrives under high EC, exhibiting its better growth performance under 6000 μS cm−1.



According to the results of the current study, the Fe input was critical for the maximization of stamnagathi growth and function. The Fe-treated plant group exhibited similar growth performance compared with the Fe+K group, indicating that the addition of K did not beneficially impact the growth parameters determined. The Fe concentration in the nutrient solution (1.22 mg L−1) slightly exceeded the one reported by Chatzigianni et al. [19], which reached 0.84 mg L−1. Collectively, all the above findings and the output of the comparison between aquaponics and other cultivation settings suggest that stamnagathi may thrive under high levels of Fe, but low levels of total N and K. This minimal supplementation approach, although effective and eco-friendly, is in direct opposition to the common agricultural practice of intensive fertilization regimes. Nevertheless, several wild-growing species exhibited optimal growth under low-input systems or showed a limited response to conventional fertilization, as in the case of rock samphire [30], marjoram (Origanum microphyllum) [14] and Verbascum arcturus [31], with the last two being local endemics of Crete, Greece. To enable sustainable exploitation strategies, a wild plant should be treated according to its oligotrophic nature, at least until breeding programs succeed in the delivery of germplasm that is capable of maximized productivity and the consequent increase in fertilization requirements.



Aquaponic system bottlenecks were reflected in the poor performance of Control plants grown without Fe and K supplementation. All growth parameters assessed in the final harvest confirmed the significant inferiority of Control plants, with the most pronounced being the 4.5- and 4-fold decreased fresh biomass yield compared with the Fe and Fe + K treatments, respectively. Certain nutrient deficiencies have probably impacted the growth of Control group, as the leaf elemental analysis implied. Considerably reduced N, Fe and K contents characterized the nutritional state of this plant group, along with increases in the leaf Ca and Mg, where the latter was possibly due to decreased N uptake and transport given the competition between these three elements [32]. Hereinafter, we discuss the control plant growth and functional responses in relation only to N and Fe deficiencies since similarly low K levels were also found in the Fe group without inducing any negative effects. Previous studies in a similar experimental setup revealed an analogous connection between N and Fe deficiencies and limited growth for spinach [12], yet lettuce faced only Fe and K deficiencies, while leaf N was comparable and sufficient in the no-input Control [9]. In both studies, Control plants suffered a severe reduction in yield, ranging from two-fold for lettuce to five-fold in spinach compared with the Fe and Fe+K treatments.



The nutritional state of Control plants was reflected in their function, with certain physiological parameters indicating early signs of stress-induced impairments. A significant decline in leaf chlorophyll content was obvious already from D15 and probably accounted for the significant reduction in the PRI index, which is a measure of light use efficiency (LUE) [23]. Chlorophyll loss and decreased LUE coordinately contributed to lower photosynthetic rates in comparison with Fe- and Fe+K-treated plants, as the instantaneous gas exchange measurements showed. The profile of light response curves of Control group revealed a lower photosynthetic capacity, along with reduced quantum yields of photosynthesis. Towards this direction were also the findings of the course of chlorophyll a fluorescence parameters, which were sensitive enough to reflect the rapidly declining vitality of the photosynthetic apparatus, with the first signs being obvious on D15. This first indication coincided with and was related to the initiation of chlorophyll loss, confirming the advantage of chlorophyll fluorescence measurement to explicitly capture the changes in a plant’s in vivo physiological status. The strong correlation between physiological state and fluorescence intensity is based on the dependency of the latter on the efficiency of other energy relaxation processes, such as photochemistry and heat dissipation [33,34]. Additionally, fluorescence parameters are useful in dissecting the performance of the photosynthetic machinery in certain steps and events, thereby giving valuable information on the PSII efficiency and an indication of the PSI functionality. In Control plants, significant declines in all determined fluorescence components denoted an impaired photosynthetic apparatus. The efficiency of electron transport throughout the acceptors chain, as well as the respective quantum yields, were significantly reduced. According to Kalaji et al. [35], nutrient deficiency induces decreases in both the efficiency of energy capture by open PSII reaction centers and the subsequent quantum yield of electron transport through the PSII. PSI-related parameters, such as 1/VI, which reflects the relative yield of final acceptors, and 1-VI, which was linked to the content of PSI reaction centers, also showed a pronounced decline in Control stamnagathi. The abovementioned findings demonstrate that there were increasing limitations in electron flow along PSII and PSI, which is a result that may also be related to the reduced relative pool size of electron carriers (Sm). The previous works of our group with lettuce and spinach in the same experimental setup showed that the nutrient deficiency in the control plants exert species-specific effects on PSI activity; it remained unaffected in lettuce but severely impacted in spinach, yet both species suffered a downregulation of PSII, likewise with stamnagathi. Several earlier studies demonstrated the suboptimal development of the photosynthetic apparatus under nutrient shortage and the resulting reductions of PSII photochemistry [35,36,37]. Recently, Samborska-Skutnik et al. [38] demonstrated that Fe deficiency negatively impacted PSII functioning by disrupting light absorption, as well as decreasing the activity of QA, which is the primary quinone acceptor. In the control plants of the present work, the conservation of energy absorbed by the antenna of PSII, as indicated by the PIabs index, as well as the total photosynthetic efficiency (PItotal index), were significantly reduced. In contrast, Fe and Fe+K supplementation favored the photochemical performance, leaf chlorophyll content and LUE of the corresponding plant groups, maintaining them at high and stable levels throughout the experimental period. The same held for gas exchange measurements and photosynthetic light response, none of which exhibited statistically significant differences between the two supplementation treatments.



The abovementioned negative impacts on chlorophyll content, LUE, photochemical efficiency and photosynthetic capacity of the Control plants could be collectively interpreted as a direct impairment of the photosynthetic machinery or downregulation of photosynthesis, both of which were caused by nutrient deficiency. Concerning the latter, the poor performance of the control plants should probably be attributed to Fe deficiency rather than N shortage. Indeed, leaf N levels in Control plants were only 18% reduced relative to the Fe group, which is a difference that is considered rather marginal in exerting considerable effects on physiological performance. On the other hand, it is well known that the chloroplast is the major sink for Fe; hence, Fe deficiency has implications for all aspects of photosynthetic function [39]. Downregulation of photosynthesis represents the opposite aspect of impairment. It refers to changes that plants typically employ in their photosynthetic apparatus to tune their functioning with the prevailing stress conditions and achieve the highest possible performance permitted in the particular environment [40]. The lower photosynthetic efficiency of the control group could be viewed in the context of a coordinated decline in light absorption, LUE and photochemistry in order to optimize the use of the remaining pigment concentrations, electron carriers and RC activity in response to Fe deficiency. In parallel, the reduced sink strength in Control plants due to the stunted growth under Fe deficiency may have established a negative feedback mechanism resulting in the downregulation of photosynthesis.



Tilapia growth and survival were not impacted by the Fe and K supplementation, corroborating the findings of previous studies of our team with lettuce and spinach in the same experimental setup [9,12]. Stathopoulou et al. [41] working in an aquaponics co-cultivation of tilapia and rocket confirmed that Fe and K input at the same rates as the present study neither impacted fish growth nor caused remarkable histological alterations in fish gills, liver and mid-gut.



Finally, the antioxidant activity of stamnagathi was found to be significantly enhanced in the control plants compared with the Fe and Fe+K groups during the first days of the experiment; however, the differences were evened out afterward. Similar levels of antioxidants between Control and nutrient-supplemented groups were reported for spinach, even though the deleterious impacts of nutrient deficiency on growth and function were already visible after the first 10 days [12]. Jin et al. [42] documented that mild Fe deficiency does not trigger the antioxidant response in spinach, although many studies connected nutrient stress to the accumulation of reactive oxygen species and the employment of antioxidant mechanisms [43]. Stamnagathi responds with a considerable increase in antioxidants to high soil salinity, for example, in electrical conductivities in the root zone between 6 and 8 dS m−1 [29], whereas it remains unaffected by differences in N supply [19].



Given the excellent performance of stamnagathi in aquaponics with minimal supplementation and its well-documented tolerance in saline conditions [29], future studies could be targeted to the application of salinity stress in brackish aquaponics. It would be interesting to study whether a precise management of nutrient solution in terms of mild-to-moderate stress application could trigger the biosynthesis of secondary metabolites, which are also considered health-promoting compounds, without compromising stamnagathi growth and the marketable yield.




5. Conclusions


The present study aimed at evaluating the feasibility of aquaponics for stamnagathi cultivation, identifying the system’s bottlenecks and proposing optimization measures. All of the above were based on a thorough investigation of the plant’s functional and growth responses to a minimal supplementation approach that focused on external Fe and Fe+K input. Aquaponics proved to be an advantageous cropping system for stamnagathi, resulting in considerably higher yields that were achieved in a shorter cultivation period in Fe and Fe+K treatments compared with its cultivation in hydroponics and soil. This finding confirmed the oligotrophic habit of the species since the concentrations of nutrients in aquaponics recirculating water were far lower than in the other cropping systems. Control plants showed an inferior performance compared with the Fe and Fe+K groups in terms of growth, photochemistry, pigment content, LUE, and, subsequently, photosynthetic efficiency and capacity, all of which were attributed to Fe deficiency. The latter constituted the major bottleneck of the system, with the first stress indications in the photosynthetic machinery function already being obvious from D15. This study demonstrated that minimal supplementation may favor excellent performance and yield of stamnagathi in high-sustainability and low-environmental-footprint systems, such as aquaponics.
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Figure 1. (a) Total chlorophyll content a + b (Mean ± SEM, n = 15); (b) PRI (Mean ± SEM, n = 15); (c) net photosynthetic rate (Mean ± SEM, n = 6). Different letters indicate significant differences among treatments on each experimental day (p ≤ 0.05). 
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Figure 2. Photosynthetic light-response curves of stamnagathi on day 8 (a), day 15 (b), day 25 (c) and day 35 (d) (Mean ± SEM, n = 4) and their respective maximum photosynthetic rates (Amax), quantum yield of photosynthesis (a) and dark respiration (Rd) in the bottom table. Means in a row followed by different letters are significantly different among treatments (p ≤ 0.05) and the absence of such letters indicates no significant differences. 
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Figure 3. Spider plots of JIP parameters derived from chl a fluorescence OJIP transient curves in stamnagathi (Mean values, n = 15) from weekly measurements: (a) day 8, (b) day 15, (c) day 22, (d) day 29 and (e) day 35. Values are normalized to the values of the Fe+K treatment. The statistical results for each parameter and day are presented in the bottom table. Since there were no significant differences between the Fe and Fe+K groups, all the signs refer to differences between the control plants and the other two groups (n.s. means non-significant differences, the asterisk indicates differences at p ≤ 0.05). 
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Figure 4. Antioxidant activity of stamnagathi as the DPPH radical scavenging activity, which was expressed as ascorbic acid equivalents (Mean ± SEM, n = 15) per g fresh weight. Different letters denote statistically significant differences among treatments (p ≤ 0.05) at each date. 
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Table 1. Water physicochemical and quality parameters during the experimental period (Mean ± SEM; n = 93 for pH; n = 48 for O2 and EC; n = 18 for NH3, ΝO2− NO3−, PO43−, SO42−, Fe, K, Ca2+ and Na). Different superscripts in a row denote statistically significant differences among treatments (p ≤ 0.05).
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	Control
	Fe
	Fe+K





	pH
	6.99 ± 0.05 b
	7.16 ± 0.04 a
	7.18 ± 0.04 a



	O2 (mg L−1)
	8.35 ± 0.05 a
	8.32 ± 0.05 a
	8.33 ± 0.05 a



	EC (μS cm−1)
	694.67 ± 4.02 b
	669.50 ± 3.26 c
	1319.94 ± 39.32 a



	NH3 (mg L−1)
	0.13 ± 0.04 a
	0.10 ± 0.03 a
	0.13 ± 0.04 a



	NO2− (mg L−1)
	0.12 ± 0.02 a
	0.11 ± 0.02 a
	0.16 ± 0.03 a



	NO3− (mg L−1)
	99.43 ± 6.70 a
	77.69 ± 4.14 b
	77.02 ± 3.22 b



	PO43− (mg L−1)
	32.36 ± 1.88 a
	27.98 ± 2.41 a
	34.88 ± 2.20 a



	SO42− (mg L−1)
	22.83 ± 0.33 b
	20.72 ± 0.39 c
	226.39 ± 25.41 a



	Fe (mg L−1)
	0.05 ± 0.01 b
	1.22 ± 0.16 a
	1.22 ± 0.16 a



	K (mg L−1)
	5.32 ± 0.52 b
	3.62 ± 0.69 b
	224.75 ± 25.78 a



	Ca2+ (mg L−1)
	29.60 ± 2.46 a
	28.63 ± 2.33 a
	34.45 ± 1.83 a



	Na (mg L−1)
	47.05 ± 1.08 b
	47.42 ± 0.93 b
	52.18 ± 0.89 a
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Table 2. Growth parameters of red tilapia (Mean ± SEM, n = 30). The absence of superscripts denotes no statistically significant differences among treatments (p ≤ 0.05).
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	Control
	Fe
	Fe+K





	Initial weight (g)
	5.64 ± 0.28
	5.77 ± 0.28
	5.68 ± 0.28



	Final weight (g)
	27.55 ± 0.99
	27.36 ± 1.21
	27.68 ± 1.15



	Initial length (cm)
	6.98 ± 0.12
	7.02 ± 0.11
	6.98 ± 0.13



	Final length (cm)
	11.30 ± 0.13
	11.26 ± 0.16
	11.28 ± 0.15



	SGR (% day−1)
	4.58 ± 0.06
	4.49 ± 0.05
	4.54 ± 0.07



	Daily feed consumption (g day−1)
	5.36 ± 0.26
	5.26 ± 1.16
	5.55 ± 1.21



	FCR
	0.78 ± 0.02
	0.81 ± 0.03
	0.79 ± 0.03



	Survival (%)
	100
	93.33
	96.67
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Table 3. Growth parameters of stamnagathi at the final harvest (Mean ± SEM, n = 15). Different superscripts in a row denote statistically significant differences among treatments (p ≤ 0.05).
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	Control
	Fe
	Fe+K





	Leaves fresh weight (g)
	13.83 ± 3.30 b
	59.42 ± 6.56 a
	50.61 ± 5.77 a



	Leaves dry weight (g)
	1.33 ± 0.23 b
	4.89 ± 0.50 a
	4.25 ± 0.40 a



	Root dry weight (g)
	1.82 ± 0.45 b
	2.77 ± 0.33 a
	2.77 ± 1.01 a



	Root-to-shoot ratio
	1.41 ± 0.20 a
	0.59 ± 0.05 b
	0.68 ± 0.06 b



	Yield (g m−2)
	376.90 ± 50.01 b
	1683.79 ± 168.28 a
	1515.22 ± 202.35 a



	Number of leaves
	32.53 ± 7.25 b
	94.93 ± 12.83 a
	89.33 ± 12.05 a



	Leaf area (cm2)
	127.60 ± 30.96 b
	528.74 ± 62.20 a
	491.07 ± 58.81 a



	Diameter of rosette (cm)
	20.12 ± 2.70 b
	31.27 ± 1.69 a
	32.04 ± 1.52 a
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Table 4. Nutrient composition of stamnagathi leaves at the final harvest (Mean ± SEM, n = 3). The macronutrients concentration isconcentrations are expressed as % leaf dry weight and the micronutrients as ppm of leaf dry weight. Different superscripts in a row denote statistically significant differences between treatments (p ≤ 0.05).






Table 4. Nutrient composition of stamnagathi leaves at the final harvest (Mean ± SEM, n = 3). The macronutrients concentration isconcentrations are expressed as % leaf dry weight and the micronutrients as ppm of leaf dry weight. Different superscripts in a row denote statistically significant differences between treatments (p ≤ 0.05).





	

	
Control

	
Fe

	
Fe+K






	
%

	
N

	
2.62 ± 0.10 b

	
3.09 ± 0.16 ab

	
3.22 ± 0.08 a




	
P

	
0.43 ± 0.02 a

	
0.76 ± 0.07 a

	
0.76 ± 0.02 a




	
K

	
3.39 ± 0.07 b

	
3.51 ± 0.12 b

	
5.73 ± 0.22 a




	
Ca

	
2.43 ± 0.20 a

	
1.67 ± 0.04 ab

	
1.36 ± 0.01 b




	
Mg

	
0.60 ± 0.03 a

	
0.42 ± 0.03 b

	
0.29 ± 0.01 c




	
ppm

	
Fe

	
40.11 ± 6.83 b

	
70.34 ± 6.97 a

	
78.78 ± 1.77 a




	
Zn

	
102.53 ± 13.74 a

	
26.43 ± 0.66 b

	
26.34 ± 0.76 b




	
Mn

	
63.46 ± 18.89 a

	
39.85 ± 11.37 a

	
41.38 ± 4.88 a




	
Cu

	
6.73 ± 0.21 a

	
6.16 ± 0.61 a

	
6.04 ± 0.46 a
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