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Abstract

:

The circular economy in agriculture aims to reduce waste while also making best use of residues by using economically viable processes and procedures to increase their value. In this study a two-level cascade cultivation system was set up under greenhouse conditions. The research was focused on the identification of crop species as secondary crops and the development/iterative optimization of cultivation practices. For this purpose, different crop-combinations with a primary and different secondary crops were investigated using different system-layouts. Measurements were carried out during two cultivation periods. During the 1st Period a combination of cucumber (Cucumis sativus) as primary crop, with rosemary (Rosmarinus officinalis), basil (Ocimum basilicum), and peppermint (Mentha piperita) as secondary crops, was evaluated. In the 2nd Period the drainage of tomato (Solanum lycopersicum) plants was re-used to irrigate spearmint (Mentha spicata), dill (Anethum graveolens), celery (Apium graveolens) and parsley (Petroselinum crispum) plants. In both periods, different fertigation management strategies based on the drainage solution of the primary crop were employed. The use of the cascade hydroponic system improved both crop water and nutrient use efficiency. Notably, the NO3 disposal was about 40% less as compared to a monoculture. Average fresh water consumption of secondary crop plants irrigated with diluted drainage solution was reduced by 30% in comparison to plants irrigated with fresh water.
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1. Introduction


The challenges to feeding the world in 2050 are becoming greater and more clear. This entails the need to produce more with less resource inputs (most of them under scarcity), higher resource efficiency, minimum effects on the environment and with higher sustainability. Therefore, the need to increase the circularity of production systems is highly significant for their sustainability [1].



Within the agricultural realm, the circular economy approach suggests that the crop production industry can achieve greater sustainability simply by keeping more resources and materials in use for as long as possible [2,3]. A circular economy system is comprised of 4R components; that is, reducing, alternatively reusing, recycling, and recovering materials in production/distribution and consumption processes. The idea of a circular economy is a response to the foreseen depletion of raw materials and the increase in CO2 emissions, which will eventually lead to global shortages and irreversible tipping points in natural ecosystems [4]. Such a radical system entails a major transformation of current production and consumption patterns in agriculture, which in turn will have a significant impact on the economy, the environment and society.



Protected cultivation (the process of growing crops in a controlled environment), especially soilless (growing a crop without soil) crops, are very resource-intensive [5] and may be considered circular since plants can grow in closed systems where water and nutrients are recirculated. High-tech and sophisticated greenhouse systems (mainly in Central and Northern Europe) can obtain a relatively high degree of circularity for inputs such as water and nutrients. In these greenhouses, the crop is usually grown soilless and the drainage solution is recycled [6]. Reuse of this drainage solution is associated with the risk of pathogen propagation throughout the fertigation-system and increased salt accumulation in the root zone. To overcome these problems, producers may periodically permit salty leaching by discharging the used nutrient solution [7]. It is necessary, nevertheless, to point out a more sustainable solution from an environmental point of view, since discharging used nutrient solution pollutes the environment and sometimes even results in lower soil and underground water quality. Another strategy to address this problem with a circular economy approach is to re-use drainages for cultivating secondary and more economically valuable crops, which can have a high salt tolerance and the ability to accumulate sodium [8,9,10]. This sequential reuse or the blending of the drainage could be a useful tool to reuse the water in crop production, especially in dry areas.



Reusing drainages for cultivating secondary and salt-tolerant crops could be a useful tool in low-tech greenhouses as well. The pollution risk in those systems seems quite essential (mainly in the Southern Europe and the Mediterranean region) where soilless growing systems are usually open [5]. The practice of discharging used nutrient solutions as waste water entails severe environmental problems and is a waste of water and fertilizers [11]. However, in such systems, a multi-culture cultivation approach may be applied in which the fertigation solution drained from a “primary” crop—which would be single crop in a traditional monoculture system—is directly used for the fertigation of a secondary and a tertiary crop. Thus, the quantities of waste water and fertilizers would be considerably reduced. Additionally, compared to monoculture, protected cultivations in cascade systems are associated with higher yields per unit area, with similar product qualities, reducing the risk of production losses to a minimum at the same time. A cascade hydroponic (a soilless growing system in a substrate or in nutrient solution) system uses a demanding crop (a crop that needs accurate concentrations of nutrients such as tomato or cucumber) as the main (or primary) crop and a less demanding secondary crop (a short cycle crop that can efficiently grow at a wider range of concentrations of nutrients such as peppermint and basil). Finally, salt-tolerant vegetables such as glasswort (Salicornia L.) or sea aster (Tripolium pannonicum), which are high-value crops with a growing market share, can conclude this serial production system at the “downstream-end” as tertiary crops. In a cascade cropping system, salt-tolerant species would be cultivated with salt-enriched nutrient solutions flushed out from growing systems with less tolerant species [11].



Up to now, some interesting systems have been developed, mostly for open-field crops, such as the system developed in the San Joaquin Valley of California [12]. However, it is not so easy to manage the drainage solution in these systems since the solution drains directly into the underlying soil. García-Caparrós [9] studied a pilot cascade system in the facilities of the University of Almeria in Spain, in which the drainage solution of a melon cultivation was used to cover the needs of rosemary, with encouraging results.



The objective of this work was to study different management strategies of drainage reuse in different combinations of primary and secondary crops. The study aims to evaluate the water/nutrient use efficiency and water/nutrient consumption achieved in each of the systems in order to evaluate the impact on the environment and to optimize the fertilization strategy for cascade systems under greenhouse conditions.




2. Materials and Methods


2.1. Experimental Set Up


Α preliminary cascade cultivation system was built in an experimental polyethylene covered greenhouse (ground area of 160 m2), located at the University of Thessaly near Volos (latitude 39°44′, longitude 22°79′, altitude 85 m) on the coastal area of eastern Greece. The greenhouse was equipped with a single continuous roof vent and a fan heater. Air temperature and relative humidity were automatically controlled using a climate control computer (Argos Electronics, Athens, Greece). To test the cascade system and the effect of the efficiency of reusing the drainage solution (DS) for a secondary cultivation, a series of different crop-combinations and system-layouts were carried out from September to December (1st Period) and from March to April (2nd Period). In both periods, the primary crops were commercial and high-value vegetables such as tomato and cucumber while the secondary crops plants had shorter production cycles and a broader concentration range of nutrient demands were applied.



During the 1st Period, cucumber (Cucumis sativus cv. Long Krateros) was chosen as a primary crop and rosemary (Rosmarinus officinalis), basil (Ocimum basilicum) and peppermint (Mentha x piperita) were chosen as secondary crops. Two crop rows comprised of 13 containers (plastic bags with dimensions of 1 m in length and a volume of about 40 L, called herein slabs) filled with perlite, were used to cultivate the primary crop with 2 plants per slab. The primary crop was fertigated with fresh nutrient solution with set-points for electrical conductivity (EC) at 2.1 dS m−1 and pH 5.7. The nutrient solution was supplied via a drip irrigation system. The irrigation dose for each treatment was set to cover the 30% of leaching fraction. The nutrient solution supplied to the primary crop was a standard nutrient solution for cucumber grown in open hydroponic systems adapted to Mediterranean climatic conditions, with the following composition: 3.0 mM K+, 6.0 mM Ca2+, 2.0 mM Mg2+, 1.0 mM NH4+, 11.5 mM NO3−, 1.5 mM H2PO4−, 3.5 mM SO42−.



For the secondary crop cultivation, 6 rows with 9 substrate slabs each were used. To achieve a randomized block design in the secondary cultivation, in each of the 6 lines, 9 plants of each species were cultivated (3 plants per slab; 27 plants per line). In total, three fertigation treatments were applied in two replications, in which the secondary crop plants where supplied with: (i) standard fresh nutrient solution (FS, the same one applied to the primary crop), comprising the control treatment (0%D+FS), (ii) nutrient solution obtained by mixing the drainage solution of the primary crop and FS at a ratio of 25/75 (25%D+FS) and (iii) nutrient solution obtained by diluting the drainage solution of the primary crop with water (W) at a ratio of 40/60 (40%D+W). The pH of the nutrient solution was adjusted using nitric acid. The fertigation treatments were applied one day after transplanting (DAT) of the secondary crops and the experimental period lasted 81 days.



During the 2nd Period, tomato plants (Solanum lycopersicum cv. Elpida) were chosen as the primary crop and spearmint (Mentha spicata), celery (Apium graveolens), dill (Anethum graveolens) and parsley (Petroselinum crispum) as secondary crops. The set-points for EC and pH were 2.0 dS m−1 and 5.7, respectively, while the leaching fraction for the irrigation dose was setting up in 30% as well.



The layout used during the 2nd Period for the secondary crops was the same as for the 1st Period. Three fertigation treatments were applied: (i) fresh nutrient solution (FS) comprising the control treatment (0%D+FS), (ii) nutrient solution obtained by mixing the drainage solution of the primary crop and FS at a ratio of 10/90 (10%D+FS) and (iii) nutrient solution obtained by diluting the drainage solution of the primary crop with water at a ratio of 15/85 (15%D+W). The fertigation treatments were applied 1 day after transplanting of the secondary crops and the experimental period lasted 57 days.



Both primary and secondary crops were grown under natural light conditions. The treatments started when the primary crop plants had about 10 leaves each, were about 1 m in height and had a leaf area index of about 0.8, in both periods.




2.2. Measurements


Air temperature (T, in °C) and relative humidity (RH, in %) were measured using a temperature-humidity sensor (model HD9008TR, Delta Ohm, Italy) calibrated before the experimental period, placed 1.8 m above ground level. Irradiance (Rg, i, in W m−2) inside the greenhouse was recorded using a solar pyranometer (model SKS 1110, Skye instruments, Powys, UK) located 1.8 m above ground.



The electrical conductivity (dS m−1) and pH of the irrigation solution (IS) of both primary and secondary crops was measured automatically using EC (DK 5689, Greisinger, Regenstauf, Germany) and pH (GHM-Greisinger, Regenstauf, Germany) sensors. The EC and pH values of the DS were recorded manually twice a week using a portable sensor (Combo, Hanna Instruments, Woonsocket, RI, USA). The volume of the DS drained from the primary and secondary crops was also measured. Samples of the IS and DS were collected and nitrate, K, Ca, Na, Mg and Mn contents were measured. Extraction was performed using the Kjeldahl Nitrogen method (TKN) based on Kjeldahl (1883) protocol [13]. Nutrient elements were determined by ICP (ICP-OES, SPECTRO Analytical Instruments GmbH, Kleve, Germany).



Plant height and the number of stems of the secondary crops were recorded from 18 plants per crop and treatment. The plant leaf chlorophyll content was measured twice during the growing season of the 2nd Period, using non-destructive sensing by means of an Opti-Science sensor performing measurements in contact with the leaf (CCM 200, Opti-Science, Hudson, NH, USA). In total, 20 measurements were taken at young and fully developed leaves per plant of secondary crop and treatment at DAT 28 and 56. The CCM 200 m records relative measurements of chlorophyll content index (CCI).



Additionally, in order to estimate the fresh (FM) and dry matter (DM) of the crops, two destructive-samplings were performed in the middle and at the end of each cultivation period (i.e., during the 1st Period, the destructive-sampling was performed at DAT 43 and 80, while during the 2nd Period, the destructive-sampling was performed at DAT 28 and 56). On each sampling date, three plants per secondary crop, replicate and treatment [number of samples (n) = 6 per treatment] were dried in a forced-air oven for 72 h at 70 °C.




2.3. Calculations


The total amount of nutrient solution irrigated to and drained from the crops during the entire cultivation period was estimated for each crop and treatment studied. In addition, the needs for additional (not drained) water of each secondary crop were also estimated.



The absorption concentration of several elements was calculated based on the model described in Katsoulas et al. (2015) [14].



The water use efficiency (WUE) was estimated by dividing the biomass produced by the volume of the water applied. If we consider the cascade cropping system (primary and secondary crop) as one system and that the drainage solution collected from the primary crop is not a new resource input in the secondary crop, then, in order to estimate the WUE of the secondary crops, only the fresh water needs could be considered. Thus, the WUE of the secondary crops was calculated taking into account the FM or DM produced and the additional (fresh) water needs for each species.




2.4. Statistical Analysis


Comparison of means was performed by applying one-way ANOVA at a confidence level of 95% (p ≤ 0.05) using SPSS (Statistical Package for the Social Sciences, IBM, Armonk, NY, USA) [15]. The mean values along with the standard deviation (±SD) of the parameters measured are reported.





3. Results


The mean values of air temperature inside the experimental greenhouse during the 1st Period of measurements were 15 ± 0.9 °C and 11 ± 2.1 °C, for day and night-time periods, respectively, with small variations around these values. In 2nd Period, the mean value of air temperature for day was 17 ± 1.1 °C and for night-time was 11 ± 1.9 °C. In addition, the mean values of air relative humidity were 59 ± 6.5% and 48 ± 5.9% during the day, and 68 ± 4.5% and 56 ± 4.8% during the night, for 1st and 2nd Periods respectively.



3.1. Water Consumption


Table 1 presents the total volume of the nutrient solution (NS) irrigated to the primary and secondary crops and of the NS absorbed by the plants according to the fertigation treatment. The table presents the volumes measured up to DAT 56 for both periods and up to DAT 80 for the 1st Period (the measurements of the 2nd Period ended at DAT 56). The total amount of NS applied to the primary crop during the 1st and 2nd Period was 83 L p−1 (cucumber) and 49 L p−1 (tomato), respectively. The drainage rate obtained in the above periods was 43% and 27%, respectively.



The needs for fresh water in the control and the different treatments are presented in Figure 1.




3.2. Nutrient Solution Analysis


The target EC value of the IS applied to the primary crops was about 2.1 dS m−1, and the EC values observed at the drainage solution were on average about 25% higher than that value. The pH values observed in the drainage solution in both primary cultivations were on average 6.5 ± 0.3.



The concentrations of the main macronutrients of the irrigation and drainage solutions of the primary and secondary crops during the 1st Period are presented in Table 2. No data for the nutrient solution contents are available for the 2nd Period.



It can be seen that the drainage solution of the primary crop could potentially cover the nutrient needs of the secondary crop, without dilution. From the treatments applied, it seems that the 25%D+FS treatment had nutrient concentrations close to that of the target solution while the 40%D+W treatment appeared to be extremely diluted (Table 2). The average EC values observed in IS of the secondary crops were 2.1 ± 0.6 dS m−1, 2.2 ± 0.4 dS m−1 and 1.7 ± 0.5 dS m−1, for the control, the 25%D+FS and the 40%D+W treatments, respectively. The average EC values observed in drainage solution of the secondary crops were about 2.8 ± 0.3 dS m−1, 2.5 ± 0.2 dS m−1 and 1.8 ± 0.4 dS m−1, for the control, the 25%D+FS and the 40%D+W treatments, respectively. A higher nutrient absorption rate was observed under the 25%D+FS treatment in all the secondary crops studied.




3.3. Yield


3.3.1. Secondary Crop Yield: 1st Period


The evolution of the secondary crop plant height during the 1st Period is presented in Figure 2. The final plant height was slightly higher than 20 cm for rosemary and peppermint plants and higher than 50 cm for basil plants. It was observed that the peppermint plants in the control treatment were 15 cm taller than the plants in 40%D+W and 25%D+FS treatment. No significant differences (p > 0.05) were observed between the plant height values observed in the basil plants under the different treatments. In rosemary, lower height values were observed in both the 40%D+W and 25%D+FS treatments. The plant height measurements in peppermint were stopped after DAT 29 since the plant height was stabilized although stem elongation continued but the stems developed horizontally.



Figure 3 presents the mean fresh (FM) and dry (DM) matter values of the biomass of the secondary crops observed at DAT 43 and 80 during the 1st Period. It can be seen that rosemary produced the highest FM under the 0%D+FS treatment (68 g m−2) while the FM in 25%D+FS and 40%D+W treatments was 36% and 60% lower than the control treatment, respectively. Similar reductions in the FM were also observed in the peppermint plants cultivated under the same treatments. In the case of basil plants, the FM values observed were similar under the 0%D+FS and 25%D+FS treatments while the values observed under the 40%D+W treatment were about 35% lower than the control ones.



No significant differences were observed between the basil crop DM values performed under the different treatments. Rosemary plants produced the highest DM under the control treatment while significantly lower values were observed under the 40%D+W and 25%D+FS. The DM values observed in the peppermint plants were similar under the control and 25%D+FS treatments, while the DM produced under the 40%D+W was about 35% lower than the control one.



The FM per DM ratio was 4.67, 3.51 and 4.79 in rosemary, 7.89, 5.89 and 5.66 in basil, and 8.95, 6.15 and 10.90 in peppermint crops for the 0%D+FS, 40%D+W and 25%D+FS treatments, respectively.




3.3.2. Secondary Crops Yield: 2nd Period


Table 3 presents the number of stems produced under the different treatments in the secondary crops during the 2nd Period. Concerning the spearmint crop, no significant differences were observed in the number of stems among the treatments (p > 0.05). On the other hand, the maximum number of stems for the dill crop was achieved with 0%D+FS and 10%D+FS treatments. The celery plants presented the highest number of stems in the 0%D+FS treatment and the lowest number in the 10%D+FS treatment (p < 0.05). The highest number of stems in parsley was produced under the 15%D+W treatment.



Table 4 presents the chlorophyll content expressed in CCI values at DAT 28 and at the end of the cultivation period. In the middle of the growing period, the chlorophyll content of all four species was higher, most pronounced in the control treatment. At the end of the growing season, however, the chlorophyll content in spearmint plants of 15%D+W increased significantly and their values were 15% and 11% higher than the content in the control and 10% D+FS treatment (p < 0.05). In addition, dill plants grown with drainage mixed with fresh solution (10%D+FS) gave high CCI values equal to the control treatment (p < 0.05). The other species, celery and parsley, kept higher CCI values in the control treatment. However, the 15%D+W treatment obtained plants with quite high values of chlorophyll content.



Table 5 presents the fresh and dry matter expressed in g m−2 of the secondary crops during the 2nd Period. At the middle of the growing season, spearmint produced the highest fresh and dry mass under the 0%D+FS and 10%D+FS treatments. However, at DAT 56 spearmint plants presented the highest FM and DM production under the 15%D+W treatment. Actually, the values increased from 159 g m−2 FM and 70 g m−2 DM to 550 g m−2 FM and 184 g m−2 DM, respectively. Similar progress was noted for dill plants. Celery and parsley on the other hand presented a different response. Celery had the highest FM and DM under the 15%D+W treatment at DAT 28 while at DAT 56 the highest FM was observed under the 15%D+W treatment and the highest DM under the 0%D+FS (control) treatment. Similar results were observed for parsley. The FM per DM ratio was 2.52, 3.00 and 3.24 in spearmint, 3.49, 3.85 and 2.45 in celery crop, 4.99, 5.79 and 5.07 in dill crop, and 5.47, 4.56 and 5.27 in parsley for the 0%D+FS, 40%D+W and 25%D+FS treatments, respectively.





3.4. Water Use Efficiency


The WUE values estimated for the secondary crops of the 1st and 2nd Period are presented in Figure 4 and Figure 5, respectively. In the 1st Period, it was concluded that the maximum WUE based on FM production was achieved under the 0%D+FS treatment for rosemary and peppermint. The maximum WUE of basil, on the other hand, was achieved in 25%D+FS and 40%D+W treatment. A different trend was observed for the WUE values calculated based on DM. It was concluded that the maximum WUE values were with 0%D+FS for rosemary and basil and 40%D+W for peppermint.



During the 2nd Period, the higher WUE based on FM production was achieved with 15%D+W for spearmint, dill and celery, while in parsley it was achieved under the 0%D+FS treatment. A similar trend was observed in WUE values calculated based on DM of each secondary crop.





4. Discussion


4.1. Effect of Drainage Management on Secondary Crops Yield


The proper selection of crop-combinations and system-layouts is the key for the effective functioning of the cascade system. Considering the accumulation of salts in drained nutrient solutions, it is anticipated that secondary crops in such a system might need to be salt tolerant to a certain degree. However, the salt tolerance of each crop is quite different due to the complex interaction between the climatic and genetic factors [16]. Although rosemary is considered tolerant to low nutrient concentrations [15], there is little information about its physiological response to different EC levels. Moreover, according to [17], increasing the salinity level to 50 mM had no inhibitory effect on shoot and root fresh weight (FW) of rosemary but significant reduction in the shoot and root FM was found at a higher salinity level (100 mM NaCl). In the current study, relatively low levels of EC were applied in all the fertigation treatments. However, although the lower EC values may lead to lower FM and DM production, the resulting low FM/DM ratio of about 3.5 indicates that less water was stored in the biomass. It is therefore surprising that even in case of the rosemary plants irrigated with low nutrient concentration as it is noticed in the 40%D+W treatment, the final FM values (DAT 80) were higher than in cultivated in soil. Gharib et al. (2016) [18] found in soil cultivation, FM values equal to 25 g m−2, 90 days after transplanting.



Basil and peppermint plants are very promising candidates to be included in the cascade system, since they can accumulate up to 50% NaCl (DM basis) [19]. The composition and quantity of essential oil produced from those species, however, could be markedly affected by nutrient supply [20,21] and to a lesser extent also by salinity level. In fact, the Mn concentration controls various processes like enzymatic and non-enzymatic antioxidant activity, monoterpene biosynthesis and utilization of other mineral elements (Ca, Mg, Fe and P) in order to avoid oxidative stress [22].



The highest absorption rate of Mn was achieved under 25%D+FS treatments. According to the results, the peppermint plants supplied with high Mn concentrations presented lower FM/DM (5.6) ratios compared to the other treatments. However, peppermint plants in the current study presented similar FM values compared to field cultivation. Mahmoodabad et al. [23] reported a 941 g m−2 maximum and a minimum 570 g m−2 FM values under soil conditions. Celery and dill plants followed similar trends, although there is no significant reference noting the effect of Mn concentration in the root zone on DM production or FM/DM level. The high Mn concentration in the IS, on the other hand, did not affect DM production and their FM/DM ratio in the basil plants. In contrast, the lower FM/DM ratio (6.15) occurred in the treatment with lower Mn concentration in the IS (40%D+W treatment). According to [21], only Mn concentrations higher than 1 mg L−1 could influence the resulting FM/DM ratio and consequently the antioxidant and monoterpenes capacity in basil plants. The final FM (at DAT 80) values of basil plants in all three treatments were higher than those observed in an open field cultivation [24]. Saha et al. [24] reported a production of 600 g m−2 of a basil crop cultivated in soil under open field conditions, which is lower than the production observed in the case of the current study for the 40%D+W treatment. Similar observations were made for the parsley plants, in which the FM/DM in 40%D+W treatment was lower than in the other two treatments.




4.2. Water Use Efficiency


The two-level cascade cultivation system proved to be most efficient from an agronomic point of view, since the net water input was restricted and the WUE was significantly higher in some of the secondary crops studied, in comparison with the monoculture system. Particularly during the 1st Period, basil crop in the multi-culture system with the 25%D+FS treatment had a higher WUE in comparison with the monoculture system, while the FM yield was similar in both treatments. Concerning the DM yield production on the other hand, the basil plants showed an advantage with high WUE achieved in the 40%D+W treatment. In rosemary, no remarkable variation occurred in WUE of the multi-culture system based on the 25%D+FS treatment in comparison with the monoculture system, for half of the growing season, by producing the same amount of FM. A similar trend was also observed in comparing the multi-culture system of the same treatment and the monoculture system for DM production. There, although the WUE level was high, the amount and the synthesis of NS supplied to the plants was not enough to maximize FM or DM yield. Concerning the peppermint crop, in contrast to the multi-culture system at the 40%D+W treatment in which the drainage was diluted with water, the plants did not indicate any advantage over the 25%D+FS treatment in terms of WUE; however, the plants in the latter treatment provided higher production of both FM and DM.



Therefore, according to [19], the synthesis of the DS in the irrigation water used to prepare NS was crucial for yield in a closed hydroponic system, since it determines the rate and level of salinity build-up in the recycled NS and concomitantly in the root zone of the plants.



In the 2nd Period of the current study, the FM and DM yields were significantly lower for most of the crop species in the 10%D+FS treatment of the cascade system than in the monoculture system, although a high level of WUE was achieved. This result indicated that the current cascade system proved to be appreciably more efficient in terms of water and nutrient input utilization.




4.3. Nutrient Use Efficiency


According to the common terminology used in hydroponic systems, an open system is a system where the drainage is not reused, while a closed system is a system where the drainage is reused in the same crop. In relation to the drainage management method in the cascade system, if someone sees the primary or secondary cascade crops alone, it could consider that the hydroponic system is open and that the drainage is not reused. However, if we consider that the two crops are connected, and that potentially a tertiary crop could also fit at the end, then the system is considered as completely closed. Thus, a cascade, as a complete system, can be considered that has higher fertiliser use efficiency since it makes complete use of the drainage produced from the primary (and potentially the secondary) crop.



In the current study, the increased macronutrient level in the discharged DS of the tomato crop and the secondary crop of 0%D+FS treatment entailed higher nutrient concentrations than the corresponding inputs. It was found that N disposal was about 40% less than in monoculture system. The results are in agreement with a previous report [25] that mentioned that the nitrogen balance in a cascade system showed an important decrease in nutrient leachate. According to [25], the adoption of the cascade crop system reduced the environmental impact by 21%. Additionally, García-Caparrós et al. [9] concluded that the establishment of sequential irrigation systems resulted in saving of water and removal of nitrates, which is a great advantage in arid and semi-arid regions.




4.4. Implications to Circular Economy


The last research question formulated for the current study was how 4R circularity could be implemented in hydroponic farm production. As [26] stated, in order to move towards the circular economy concept, fundamental changes that run through the whole production process have to be carried out. Due to the complexity of the changes, the possible circular flow of resources should be examined/corrected into 5 phases—material supply, germination, propagation, maturation, harvest and distribution.



In terms of sourcing materials and maturation, the long-term aim of the proposed cascade system was to recirculate as much water and nutrient materials as possible. According to the results of the present study, it was concluded that the raw sources were minimized in the current system, by reusing the water and nutrients from the primary crop to the less demanding secondary crops.



Briefly, the proposed cultivation technique brings several benefits to the circular economy processes especially in terms of water consumption. Actually, compared to the monoculture system, the water savings achieved in the management strategies in which the drainage solution was diluted with water was between 11% and 30%. A crucial water saving was also achieved (between 7% and 15%) in the management strategy in which the drainage was mixed with fresh solution.



Considering the recycling of nutrients, the proposed cascade system fulfilled the criteria of a cascade reuse of system waste. Specifically, for the strategy of reusing drainage diluted with water, nutrient consumption decreased between 60% and 75%, while for the strategy of reusing drainage mixed with fresh solution the nutrient consumption decreased between 4% and 15%.





5. Conclusions


Implementation of the circular economy concept in greenhouse hydroponics for ultimate use of water and nutrients is crucial. The development of cascade hydroponic systems is the basis for redesigning cultivation strategies and converting greenhouse compartments to fully circular systems. The current study showed that the crop combinations studied proved to be effective in reducing the water and nutrient inputs. Additionally, the nutrient flow analysis performed in the current study has shown that cultivation strategies that enabled secondary crops, irrigated with drainage diluted with water or mixed with fresh solution, were able to decrease N disposal up to 40% compared to the monoculture system. Thus, the cascade system design offers several advantages both for the growers and the environment.
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Figure 1. Total needs of fresh water (L m−2) of the secondary crops during the (a) 1st and (b) 2nd Periods, respectively. The mean value is above each bar. Different letters within crops indicate statistically significant differences (p < 0.05). 
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Figure 2. The mean height (cm) of the (a) rosemary, (b) basil and (c) peppermint during the 1st Period. The error bars represent the standard deviation of the means. Different letters within DAT indicate statistically significant differences (p < 0.05). 
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Figure 3. Mean fresh and dry weight in g m−2 of secondary crops (a) rosemary, (b) basil and (c) peppermint 43 and 80 days after transplanting (DAT) during the 1st Period. The error bars represent the standard deviation of the means. Different letters within DAT indicate statistically significant differences (p < 0.05). 
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Figure 4. Water use efficiency (WUE, kg m−3) based on (a) Fresh matter (FM) and (b) Dry matter (DM) of the secondary crops (Rosemary, Basil, Peppermint) studied during the 1st experimental period. Different letters above bars within a crop indicate statistically significant differences (p < 0.05). 
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Figure 5. Water use efficiency (WUE, kg m−3) based on (a) Fresh matter (FM) and (b) Dry matter (DM) of the secondary crops (Spearmint, Dill, Celery, Parsley) studied during the 2nd experimental period. Different letters above bars within crops indicate statistically significant differences (p < 0.05). 
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Table 1. Mean values (and standard deviation) of the total amount of NS supplied to the primary and secondary crops (IS) and of NS absorbed by the plants according to the substrate and the fertigation treatment in the 1st and 2nd Periods, respectively.
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Sum L p−1




	
Period

	
Solution

	
Level

	
Crop

	

	
DAT56

	

	

	
DAT80

	






	
1st Period

	

	

	
0%D+FS

	
40%D+W

	
25%D+FS

	
0%D+FS

	
40%D+W

	
25%D+FS




	

	
Irrigation

	
Pr.

	
Cucumber

	
55.58 ± 3.09

	

	

	
82.38 ± 4.07

	

	




	

	
Absorption

	
Pr.

	
Cucumber

	
31.29 ± 1.84

	

	

	
51.23 ± 2.02

	

	




	

	
Irrigation

	
Sec.

	
Herbs

	
43.01 ± 1.21

	
32.04 ± 1.25

	
46.95 ± 0.78

	
59.79 ± 1.12

	
49.47 ± 1.22

	
61.64 ± 0.80




	

	
Absorption

	
Sec.

	
Rosemary

	
23.47 ± 0.72

	
14.13 ± 0.45

	
24.18 ± 0.79

	
32.27 ± 0.68

	
24.81 ± 0.43

	
34.76 ± 0.78




	

	
Absorption

	
Sec.

	
Basil

	
19.69 ± 0.85

	
18.66 ± 0.50

	
30.14 ± 0.79

	
29.93 ± 0.74

	
28.49 ± 0.32

	
41.02 ± 0.76




	

	
Absorption

	
Sec.

	
Peppermint

	
20.21 ± 0.99

	
15.63 ± 0.41

	
25.23 ± 0.92

	
32.06 ± 0.84

	
27.32 ± 0.43

	
36.79 ± 0.88




	
2nd Period

	

	

	
0%D+FS

	
15%D+W

	
10%D+FS

	
0%D+FS

	
15%D+W

	
10%D+FS




	

	
Irrigation

	
Pr.

	
Tomato

	
48.95 ± 0.12

	

	

	

	

	




	

	
Absorption

	
Pr.

	
Tomato

	
35.57 ± 0.63

	

	

	

	

	




	

	
Irrigation

	
Sec.

	
Herbs

	
45.76 ± 1.05

	
38.21 ± 1.12

	
45.53 ± 1.07

	

	

	




	

	
Absorption

	
Sec.

	
Spearmint

	
82.33 ± 0.94

	
79.23 ± 0.96

	
86.60 ± 0.93

	

	

	




	

	
Absorption

	
Sec.

	
Dill

	
72.31 ± 1.05

	
78.82 ± 1.06

	
80.13 ± 1.03

	

	

	




	

	
Absorption

	
Sec.

	
Celery

	
79.08 ± 0.22

	
88.32 ± 0.28

	
90.38 ± 0.26

	

	

	




	

	
Absorption

	
Sec.

	
Parsley

	
82.15 ± 0.48

	
87.92 ± 0.72

	
78.95 ± 1.21
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Table 2. Mean values (and standard deviation) of elemental concentrations expressed in mmol L−1 in irrigation and drainage solutions for primary and secondary crops according to the fertigation treatment during the 1st Period.
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	Irrigation
	Absorption
	
	
	Drainage
	
	



	
	
	Primary crop
	Cucumber
	
	
	Cucumber
	
	



	Primary crop
	NO3 (mmol L−1)
	9.85 ± 2.91
	8.24 ± 2.29
	
	
	12.50 ± 2.25
	
	



	
	K (mmol L−1)
	3.10 ± 2.09
	2.67 ± 0.46
	
	
	3.83 ± 1.88
	
	



	
	Ca (mmol L−1)
	6.08 ± 0.90
	5.52 ± 0.75
	
	
	6.98 ± 1.36
	
	



	
	Na (mmol L−1)
	1.79 ± 0.13
	1.77 ± 0.13
	
	
	1.83 ± 0.43
	
	



	
	Mg (mmol L−1)
	2.14 ± 0.33
	2.01 ± 0.27
	
	
	2.34 ± 0.85
	
	



	
	Mn (μmol L−1)
	0.36 ± 0.001
	0.36 ± 0.001
	
	
	0.36 ± 0.001
	
	



	
	
	Irrigation
	Absorption
	
	
	Drainage
	
	



	
	
	Secondary crop
	Rosemary
	Basil
	Peppermint
	Rosemary
	Basil
	Peppermint



	0%D+FS
	NO3 (mmol L−1)
	9.85 ± 2.91
	9.14 ± 1.98
	6.88 ± 2.25
	5.80 ± 1.80
	10.68 ± 2.81
	12.82 ± 2.20
	14.53 ± 2.54



	
	K (mmol L−1)
	3.10 ± 2.09
	3.03 ± 0.74
	3.02 ± 0.82
	2.57 ± 0.46
	3.20 ± 0.63
	3.18 ± 0.36
	3.72 ± 0.88



	
	Ca (mmol L−1)
	6.08 ± 0.90
	3.43 ± 0.62
	4.66 ± 0.65
	4.27 ± 0.77
	9.18 ± 0.54
	7.49 ± 0.96
	8.16 ± 1.13



	
	Na (mmol L−1)
	1.81 ± 0.22
	1.66 ± 0.36
	1.48 ± 0.57
	1.44 ± 0.84
	1.98 ± 0.90
	2.13 ± 0.54
	2.23 ± 0.42



	
	Mg (mmol L−1)
	2.40 ± 0.42
	1.82 ± 0.29
	2.29 ± 0.47
	2.01 ± 0.65
	3.07 ± 0.30
	2.50 ± 0.24
	2.85 ± 0.76



	
	Mn (μmol L−1)
	0.36 ± 0.001
	0.36 ± 0.001
	0.36 ± 0.001
	0.34 ± 0.001
	0.37 ± 0.001
	0.36 ± 0.001
	0.40 ± 0.001



	40%D+W
	NO3 (mmol L−1)
	5.06 ± 2.29
	2.82 ± 2.01
	3.33 ± 2.75
	3.47 ± 2.33
	6.46 ± 2.76
	7.18 ± 2.91
	6.27 ± 2.53



	
	K (mmol L−1)
	1.53 ± 0.56
	0.99 ± 0.81
	1.32 ± 0.69
	1.20 ± 0.71
	1.77 ± 0.40
	1.72 ± 0.77
	1.69 ± 0.58



	
	Ca (mmol L−1)
	4.32 ± 0.85
	3.07 ± 0.95
	3.67 ± 1.16
	3.66 ± 1.43
	4.66 ± 1.21
	4.95 ± 1.81
	4.35 ± 1.25



	
	Na (mmol L−1)
	2.05 ± 0.28
	2.01 ± 0.19
	1.59 ± 0.47
	1.72 ± 0.27
	1.52 ± 0.02
	2.58 ± 0.57
	2.09 ± 0.26



	
	Mg (mmol L−1)
	1.89 ± 0.53
	1.87 ± 0.48
	1.47 ± 0.31
	1.36 ± 0.60
	1.82 ± 0.13
	2.37 ± 0.60
	2.26 ± 0.25



	
	Mn (μmol L−1)
	0.0093 ± 0.001
	0.0010 ± 0.001
	0.0012 ± 0.001
	0.0011 ± 0.001
	0.0364 ± 0.001
	0.0415 ± 0.001
	0.0478 ± 0.001



	25%D+FS
	NO3 (mmol L−1)
	10.16 ± 2.19
	10.05 ± 2.16
	10.08 ± 2.06
	10.16 ± 2.19
	11.24 ± 1.61
	13.59 ± 2.76
	12.06 ± 2.71



	
	K (mmol L−1)
	3.18 ± 1.57
	3.16 ± 0.95
	3.11 ± 0.55
	2.94 ± 0.61
	3.14 ± 0.53
	3.10 ± 0.46
	2.80 ± 0.81



	
	Ca (mmol L−1)
	6.11 ± 0.87
	6.10 ± 1.06
	6.10 ± 1.32
	6.06 ± 1.46
	6.64 ± 0.96
	8.25 ± 1.15
	6.81 ± 1.84



	
	Na (mmol L−1)
	1.43 ± 0.36
	1.20 ± 0.08
	1.42 ± 0.27
	1.20 ± 0.15
	1.84 ± 0.42
	2.13 ± 0.12
	2.00 ± 0.67



	
	Mg (mmol L−1)
	2.32 ± 0.68
	2.31 ± 0.73
	2.26 ± 0.91
	2.30 ± 0.85
	2.18 ± 0.29
	2.92 ± 0.80
	2.26 ± 0.93



	
	Mn (μmol L−1)
	0.35 ± 0.001
	0.35 ± 0.001
	0.35 ± 0.001
	0.35 ± 0.001
	0.47 ± 0.001
	0.38 ± 0.001
	0.42 ± 0.001
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Table 3. Mean (and standard deviation) values of the number of stems of the secondary crops.
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Crop

	
Number of Stems-DAT 54




	

	
0%D+FS

	
5%D+W

	
10%D+FS






	
Spearmint

	
34 ± 1.83 a z

	
32 ± 2.55 a

	
35 ± 2.25 a




	
Dill

	
56 ± 9.58 a

	
50 ± 8.48 b

	
55 ± 6.41 a




	
Celery

	
205 ± 36.18 a

	
180 ± 28.79 b

	
166 ± 42.93 c




	
Parsley

	
29 ± 13.33 b

	
34 ± 13.48 a

	
30 ± 13.18 ab








z Different letters in a row indicate statistically significant differences (p < 0.05) between the treatments.
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Table 4. Mean (and standard deviation) chlorophyll content values (CCI) measured in the secondary crops.
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Crop

	
0% D+FS

	
15%D+W

	
10%D+FS






	

	
DAT28




	
Spearmint

	
45.41 ± 6.02 a z

	
43.86 ± 5.83 a

	
43.82 ± 7.56 a




	
Dill

	
12.28 ± 9.15 a

	
10.07 ± 7.33 b

	
9.99 ± 6.83 b




	
Celery

	
34.73 ± 10.08 c

	
43.34 ± 9.47 a

	
38.9 ± 9.96 b




	
Parsley

	
49.96 ± 16.23 a

	
34.73 ± 15.13 b

	
33.92 ± 12.76 b




	

	
DAT56




	
Spearmint

	
45.93 ± 3.21 b

	
53.02 ± 7.50 a

	
47.50 ± 7.38 b




	
Dill

	
9.82 ± 4.46 a

	
7.43 ± 3.93 b

	
9.57 ± 6.94 a




	
Celery

	
50.50 ± 2.49 a

	
33.80 ± 9.52 b

	
31.59 ± 10.74 b




	
Parsley

	
48.52 ± 5.68 a

	
41.84 ± 17.46 b

	
35.77 ± 14.59 c








z Different letters within a row indicate statistically significant differences (p < 0.05).
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Table 5. Mean (and standard deviation) fresh and dry matter in g m−2 of secondary crops 28 and 56 days after transplanting (DAT) during the 2nd Period.
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Crop

	
FM (g m−2)

	
DM (g m−2)






	
DAT28




	

	
0% D+FS

	
15%D+W

	
10%D+FS

	
0%D+FS

	
15%D+W

	
10%D+FS




	
Spearmint

	
172.33 ± 4.91 a z

	
159.00 ± 5.52 b

	
175.83 ± 5.55 a

	
64.00 ± 0.09 a

	
69.83 ± 0.12 a

	
70.67 ± 0.16 a




	
Dill

	
63.04 ± 7.42 a

	
55.36 ± 5.38 c

	
59.99 ± 3.7 b

	
5.85 ± 0.09 a

	
3.76 ± 0.20 a

	
4.40 ± 0.09 a




	
Celery

	
42.83 ± 6.76 b

	
50.50 ± 4.28 a

	
40.10 ± 4.59 b

	
5.73 ± 0.07 b

	
7.71 ± 0.14 a

	
5.53 ± 0.06 b




	
Parsley

	
17.15 ± 2.33 b

	
27.78 ± 2.83 a

	
18.57 ± 2.53 b

	
2.82 ± 0.33 b

	
3.30 ± 0.40 a

	
2.90 ± 0.48 b




	
DAT56




	

	
0% D+FS

	
15%D+W

	
10%D+FS

	
0%D+FS

	
15%D+W

	
10%D+FS




	
Spearmint

	
463.17 ± 10.25 b

	
549.83 ± 3.97 a

	
428.38 ± 8.11 c

	
182.67 ± 0.61 a

	
184.00 ± 0.11 a

	
131.67 ± 0.17 b




	
Dill

	
162.65 ± 3.81 b

	
196.58 ± 4.74 a

	
70.98 ± 2.81 c

	
46.67 ± 0.16 b

	
53.32 ± 0.21 a

	
30.62 ± 0.33 c




	
Celery

	
230.00 ± 0.88 a

	
239.29 ± 4.54 a

	
106.95 ± 2.36 b

	
48.26 ± 0.03 a

	
42.97 ± 0.19 a

	
21.47 ± 0.26 b




	
Parsley

	
123.03 ± 3.00 a

	
73.50 ± 2.16 c

	
113.58 ± 2.95 b

	
22.47 ± 0.32 a

	
16.11 ± 0.22 b

	
21.44 ± 0.19 a








z Different letters within a row for FM or for DM indicate statistically significant differences (p < 0.05).
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