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Abstract

:

In this study, the yield and growth performance of lettuce in an open-air rooftop hydroponic system were investigated. Lettuce was grown in a closed recirculating nutrient film technique (NFT) unit using a standard nutrient solution (NS). Yield, fresh weight, and nutrient content in the leaf tissue of the harvested lettuce were measured. The results were compared with the results obtained in indoor hydroponic lettuce growth with artificial lightning. Despite strong winds during the growth period, 25% of the total lettuce heads weighed twice the marketable weight; however, 25% of the total lettuce heads were below the marketable weight. A more efficient nutrient uptake was indicated by the lettuces in the rooftop system compared with the uptake in the indoor system. Foliar analysis revealed a higher content of all nutrients in the leaves of rooftop hydroponic lettuce compared with indoor hydroponic lettuce. This study suggests that hydroponic rooftop-grown lettuce can be competitive with their indoor counterparts if the rooftop hydroponic system is protected from extreme weather conditions.
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1. Introduction


Urban farming may tackle many challenges that conventional agriculture is facing, including loss of arable land, water and nutrients depletion, fast population growth, soil contamination, rapid urbanization, and climate change [1]. One type of urban farming is rooftop farming, which is the practice of growing edible or ornamental plants on top of commercial, residential, and industrial buildings [2]. The majority of the roof space in most buildings is vacant. If this space is used for agriculture, it could meet up to 77% of inhabitants’ vegetable requirements [3]. Liu et al. reported that [4] they grew seven leafy vegetables in rooftop hydroponic systems and reported that rooftop hydroponic vegetables were less contaminated and were competitive in quality and cost compared with farm-grown leafy vegetables. Another study reported that 32% of the needed fresh produce in Cleveland USA could be satisfied if 62% of industrial and commercial rooftops were used to grow plants [5].



Rooftop farming could also alleviate environmental pollution by reducing the carbon dioxide in the atmosphere and helping clear the air of smog and dust [4]. Further environmental benefits of rooftop farming include water runoff management, reduction in the urban heat island effect, biodiversity conservation, and reduction in noise pollution [6].



Contrary to indoor urban farming, which relies on artificial lightning, rooftop farming can be cost effective because it uses only sunlight. Despite the advantages of rooftop farming and worldwide interest, commercial rooftop farms are very limited and most of extant roof farms are social–educational farms [7]. One reason for this could be the challenges that roof farming may face, including amplified climate conditions that can occur on rooftops, such as high wind speed, heavy rains, and extreme temperatures [6]. In addition, roofs are not designed, generally, for urban farming, which poses many obstacles that must be overcome before rooftop farming can spread more widely, such as roof weight limitations and installation and maintenance costs [8]. Another reason could be the lack of assessment studies on the practicality of rooftop farming compared with conventional or indoor urban farming. Recently, the number of articles on rooftop farming has increased [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31]. However, our literature search found very few research articles comparing rooftop grown vegetables against their rural farm or greenhouse counterparts [4,31]. Liu et al. [4] reported that leafy vegetables grown in rooftop hydroponic systems, including lettuce, mustard, caraway, and Chinese flowering cabbage, can be as productive in yield and quality as those sold by local farms. No comparative studies between rooftop hydroponic and indoor hydroponic vegetables were found. Therefore, the aim of this study was to investigate hydroponic lettuce grown in a rooftop system in Norway. The performance of the rooftop hydroponic system was assessed by cultivation experiments, where the fresh weight of the lettuce, the yield, and the nutrients in the leaf tissue were measured. The results were compared to results obtained in an indoor hydroponic system with artificial lightning.




2. Materials and Methods


2.1. Indoor Hydroponic Lettuce Growth


Indoor hydroponic lettuce growth was performed in a growth room located at the University of Agder in Norway from 27 September to 4 December 2018. The growth systems consisted of a seeding system and a nutrient film technique (NFT) system. In the seeding system, seeds of Lactuca sativa L. (Batavia-type, cv. ’Partition’) from LOG AS, Norway were seeded in Grodan rockwool cubes (36 × 36 × 40 mm), placed in trays with NS, and illuminated with LED light. The seedlings were inserted into net pots and transplanted to the NFT system after 2 weeks in the seeding system. The NFT system included three identical parallel units designed for conducting triplicate experiments under identical conditions. Each unit hosted 12 lettuces in a cloosed loop system, which consisted of a rectangular PVC pipe and a 20 L nutrient tank. The PVC pipe was 2400 mm long and 100 mm wide and had 12 holes with diameters of 45 mm for net pots. The nutrient tank had a submerged pump, which intermittently supplied the PVC pipe (30 min on/off cycles) with NS at a flow rate of 3.5 L min−1.



LED lamps were suspended over the PVC pipes, producing photosynthetically active radiation (PAR) with a flux density of 220 µmol m−2 s−1 for 18 h per day. The temperature of the growth room was in the range of 22–24 °C, the CO2 concentration was in the range 410–450 ppm, and the relative humidity was 35–40%.



The NS was prepared from two commercial stock solutions, Nutri-A and Nutri-B, purchased from Panponic Biosystems AS, Norway. Nutrient content of the applied NS is shown in Table 1. Every second day, pH and EC values of the three parallel systems were adjusted to maintain the pH at 5.5–6.5 and the EC value at 1.1–1.2 mS cm−1 using a calibrated Hach HQ40d instrument with standard pH and EC sensors. Each of the three parallel units of the NFT system was operated in a similar continuous production mode during the experimental period. At the starting date (27 September 2018), 9 seedlings (2 weeks old) were collected from the seedling system and transferred to the NFT system (3 seedlings to each of the three units). After 4 weeks, the NFT system was fully stocked, and the first 3 lettuce heads of each unit were harvested and replaced by 3 new seedlings (2 weeks old). During the 68 days experimental period from 27 September to 4 December, there were 7 harvests (on 25 and 31 October, and 6, 13, 21, and 27 November, and 4 December), with a total production of 21 lettuce heads from each unit, which gave a total of 63 lettuce heads from the 3 parallel units of the NFT system.



Samples from the nutrient tank were taken throughout the growth period for nutrient analysis. Soluble nutrient analysis was performed using inductively coupled plasma optical emission spectrometry (ICP-HSP), according to accredited standards by the Eurofins laboratory, Netherlands. Lettuce was harvested and weighed after 4 weeks in the NFT systems. Leaf tissue samples from different parts of the harvested lettuces were collected and analyzed for macro- and micro-nutrient content by inductively coupled plasma atomic emission spectrometry (ICP-OES), according to European standards (DIN EN ISO 11885).




2.2. Open-Air Rooftop Hydroponic Lettuce Growth


Seeds of Lactuca sativa L. (Batavia-type, cv. ’Partition’) from LOG AS, Norway, were seeded in a seeding system as described above. Seedlings were then transplanted in an open-air rooftop hydroponic system. Open-air rooftop hydroponic lettuce growth was carried out from the 25 August to 6 October 2020 in an NFT hydroponic system, installed on the fifth floor rooftop of one building of the University of Agder in Norway, as described in Figure 1. The yellow area, no. 6, in Figure 1a is reserved for rooftop farming.



High wind speed and heavy precipitation incidences at the beginning of the period gave the seedlings a hard and slow start and many of them were damaged. Due to non-optimal weather conditions, the trial lasted five weeks instead of four. The NFT system was made of 3 rectangular PVC pipes, each 4000 mm long and 100 mm wide, mounted in an aluminum stand with wind shields. Each pipe had 20 holes with 50 mm diameter for inserting net pots, which allowed the cultivation of 60 lettuce heads. A nutrient container intermittently supplied the three PVC pipes with NS (30 min on/off cycles) at a flow rate of 3.5 L min−1. Same seeds and NS were used for the rooftop and the indoor hydroponic lettuce growth (Table 1). The pH and EC of the NS were monitored and adjusted every 2nd day to the same values as in the indoor growth system (5.5–6.5 and 1.1–1.2 mS cm−1), respectively. The average PAR throghout the experimental period was 272 µmol m−2 s−1, and the daily average registred PARs (calculated from the recorded data of GHI irradiance by solar iriadiance sensor) are shown in Figure 2.



The average wind speed throughout the experimental period was 1.8 m s−1 and the daily average registered wind speeds, recorded by wind speed sensor, are presented in Figure 3. The registered temperature was in the range of 12–22 °C, as shown in Figure 3, with an average temperature of 16.5 °C. The relative humidity was in the range of 45–69% and the CO2 concentration was measured to 350 ppm by Elma Dt air monitoring sensor. Leaf tissue samples and NS samples (five samples) were collected and analyzed for macro- and micro-nutrient content, as described above.




2.3. Data Analysis and Statistics


Data were subjected to analysis of variance (ANOVA) using SPSS Version 25. Mean differences were determined by Tukey’s honestly significant difference (HSD) test at p < 0.05. In figures, statistically significant differences are indicated by different letters. Mean values and standard deviations are presented in the graphs.





3. Results and Discussion


3.1. Lettuce Growth and Yield


Shoot fresh weights and yields of the harvested rooftop and indoor hydroponic lettuce are presented in Figure 4. The lettuce grown in the indoor hydroponic system and in the rooftop hydroponic system had an average shoot weight of 243 g and 233 g, respectively. The maximum and the minimum shoot fresh weights of the indoor and rooftop hydroponic lettuce were 322 g and 196 g, and 781 g and 36 g, respectively. Although the average shoot fresh weight of the rooftop hydroponic lettuce was higher than the marketable fresh weight of 150 g, 25% of the total lettuce heads were below the marketable fresh weight. This variation was probably due to the high wind speed experienced during the beginning and at the end of the growth period, as shown in Figure 3.



Another 25% of the total rooftop lettuce heads weighed twice the marketable fresh weight and 8% weighed more than 500 g. These lettuce were close to the fence that surrounds one side of the hydroponic system. This study suggests that rooftop hydroponic lettuce could be successfully cultivated in Norway during late season at low temperatures (12–21 °C) if the hydroponic system is protected from the wind.




3.2. Nutrient Consumption and Concentration in Lettuce Leaves


Leaf macro- and micro-nutrient concentrations in harvested rooftop hydroponic lettuce, compared to their concentrations in harvested indoor hydroponic lettuce, are shown in Figure 5. The foliar analysis of the macro-nutrients shows that the elements with highest accumulation in leaf tissue of the rooftop hydroponic lettuce were K, followed by N, Ca, P, Mg, and S, which conform to the norm-values of Hartz et al. However, macro-nutrients content in the leaves of the indoor hydroponic lettuce deviates from these norm-values by a higher N value than K value.



The highest accumulation of micro-nutrient elements in the leaf tissue of both the rooftop and indoor hydroponic lettuce were Mn, Fe, Zn, B, and Cu.



As shown in Figure 5, the rooftop hydroponic lettuce accumulated more nutrients than the indoor hydroponic lettuce. The rooftop lettuce had a significantly higher concentrations of P, Ca, S, Mg, Fe, and B compared with the indoor lettuce. There were no significant differences in the other nutrient concentrations. Explanation for this higher uptake could be the positive effect of daylight on nutrients uptake. The intensity of light causes more transpiration in plants which affects nutrients [32]. Rouphel et al. [33] reported that the total plant uptake of N, P, K, Ca, and Mg is usually enhanced by stronger natural radiation or supplemental light. Another study demonstrated that N, K, Ca, and Mg concentrations in the leafy lettuce were positively affected by light intensity [34]. Our results are in line with the findings of these previous studies as our rooftop hydroponic lettuce were exposed to stronger natural radiation (272 µmol m−2 s−1) compared with the indoor hydroponic lettuce (220 µmol m−2 s−1).



Generally, the nutrient content of the indoor hydroponic lettuce was closer to the norm-values than the nutrient content of the rooftop hydroponic lettuce. Ca, P, K, and Mg all accumulated in the leaves of the rooftop lecttuce, to concentrations 3, 2, 1.5, and 1.5 times the norm-values [35]. This higher absorption of nutrients did not affect lettuce yield for better, nor for worse, as shown in Figure 4.



In order to avoid a possible luxury absorption of nutrients, an alternative NS may be used to grow rooftop hydroponic lettuce exposed to the same environment conditions as those in the current study. The estimation of the required nutrient concentrations of the alternative NS should take into account that not all the available nutrients will be taken up by lettuce leaves. The nutrient consumption and the nutrient uptake in leaves are presented in Table 2, as percentages of the amount of nutrients added to the system. As indicated in Table 2, not all the consumed nutrients were used by lettuce. Some of them may be consumed by microorganism populations. Beatrix et al. [36] reported that they found 106 cfu ml−1 bacteria and 10 to 1000 fungi cfu ml−1 in a closed NFT hydroponic system.




3.3. Nutrient Dynamic of the Recycled Solution


Figure 6 shows the fate of macro-nutrients during the growth period of the rooftop and indoor hydroponic lettuce. As indicated, a continous decrease in the concentration of P was observed in the NS used for indoor lettuce growth. However, the concentration of P in the NS used for rooftop lettuce growth increased gradually from 26 mg L−1 to 43 mg L−1, despite the high accumulation of P in the rooftop lettuce leaves compared with norm-values and to the indoor lettuce (Figure 5). The N concentration in the NS used for indoor lettuce growth was reduced by 55% compared with the initial concentration, while the concentration of N in the NS used for rooftop lettuce growth remained nearly stable throughout the growth period. The N accumulation in leaf tissue was approximately equal to the accumulation in the leaves of the indoor hydroponic lettuce. The concentration of K experienced a continous decrease to final concentrations of 4.7 mg L−1 and 39 mg L−1, in the NS used for indoor hydroponic lettuce and rooftop hydroponic lettuce, respectively, which corresponds to a reduction by 96% and 75%, respectively. Again, rooftop hydroponic leaf tissue accumulated more K than the indoor hydroponic leaf tissue.



To summarize, except for Ca and S, rooftop lettuce accumulated more nutrients than the indoor lettuce. The concentration of nutrients in the NS used for rooftop lettuce growth were slightly higher at the end of the cultivation period compared with the concentration in the NS used for indoor lettuce growth. Hence, we may deduce two conclusions.



First, the nutrient uptake in rooftop hydroponic lettuce were more efficient than the uptake of indoor lettuce.



Secondly, nutrients were more likely to be wasted (not used by plants) in the indoor hydroponic system. Potentially, this could be partly explained by higher micobial activity due to higher temperature in the indoor hydroponic system compared with the outdoor hydroponic system. However, our literature search found no studies supporting this hypothesis.



We demonstrated in this study that hydroponic rooftop-grown lettuce can be competitive with their indoor counterparts if the rooftop hydroponic system is protected from extreme weather conditions. This study sugggets that rooftop hydroponic systems could not only contribute to urban food production, but could also have a lower environmental footprint, since they use only sunlight and consume less nutrients compared with indoor systems and conventional agriculture, which make them more economical in the long term.





4. Conclusions


In this study, we successfully grew lettuce in an outdoor rooftop hydroponic system during late season in Norway. The average fresh weight of the harvested lettuce exceeded the marketed size of commercial lettuce of 150 g. However, 25% of lettuce heads were below the marketable weight, owing to strong winds during the growth period, while lettuce heads which were close to the fence that surrounds one side of the hydroponic system weighed more than 500 g. Hence, we recommend that special consideration should be taken for open-air rooftop hydroponic installation, such as wind shields. Despite the strong winds, which led to 25% of undersized lettuce, the average fresh weight of the rooftop hydroponic lettuce were statistically comparable to their indoor counterparts. Rooftop hydroponic lettuce leaves accumulated more nutrients than the indoor lettuce. This study confirmed the productive capacity of rooftop hydroponics; nevertheless, a larger scale study should be conducted.
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Figure 1. Principle drawing of the fifth floor rooftop of one building of the University of Agder in Norway (a) and drawing of the experimental rooftop hydroponic system (b). 
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Figure 2. Daily average photosynthetically active radiation (PAR) from 25 August to 5 October 2020. 
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Figure 3. Daily average temperature and daily average wind speed (m s−1) from 25 August to 5 October 2020. 
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Figure 4. Average shoot fresh weight of rooftop and indoor hydroponic lettuce (bars represent standard deviation of the mean of 60 lettuce heads). 
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Figure 5. Leaf macro-nutrient (A) and micro-nutrient (B) concentrations in harvested rooftop and indoor hydroponic lettuce (bars represent standard deviation of the mean of three replicas). 
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Figure 6. Concentrations of macro-nutrients in the recirculating nutrient solution in rooftop hydroponic system (a) and indoor hydroponic system (b). 
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Table 1. Soluble nutrient content of the applied nutrient solution in this study.
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	NO3-N
	NH4-N
	P
	K
	Ca
	Mg
	S
	Zn
	B
	Cu
	Fe
	Mn
	Mo





	mg L−1
	107
	4.0
	23
	140
	94
	23
	23
	0.26
	0.19
	0.07
	1.7
	0.42
	0.04
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Table 2. Nutrient consumption in rooftop hydroponic system and nutrient uptake by letuce leaves.
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	Nutrient Consumption * 1 (g/kgdry matter)
	Nutrient Uptake * 2

(%)





	Macro-nutrients
	
	



	N
	2.95
	63.27



	P
	0.44
	87.74



	K
	4.2
	67.4



	Mg
	0.43
	44.8



	Ca
	2
	46.86



	S
	0.67
	19



	Micro-nutrients
	
	



	B
	0.003
	40.52



	Cu
	0.00043
	47.5



	Mn
	0.012
	54.57



	Mo
	0.00053
	10.7



	Zn
	0.003
	52.7



	Fe
	0.03
	19.13







* 1 Nutrient consumption (g/kgdry matter) is calculated by subtracting the quantity of nutrient left in the nutrient tank from the total supplied nutrient, then divided by the quantity of the produced dry matter.* 2 Nutrient uptake is calculed by dividing nutrient content in lettuce leaves by nutrient consumption.
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