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Soilless farming – A method to produce quality vegetables

Abstract
Soilless farming is an emerging technology utilized to production quality vegetables. The conventional open-field vegetable cultivation needs area, water sources, equipment, and optimal weather condition. In urban areas conventional vegetable cultivation practices is difficult due to limited space, limited fertile arable land and soil is less accessible for plant growth. These issues can be overcome by soil-less cultivation. Soilless farming technology helps in conservation of water and other resources and produce quality vegetables. Soilless farming classified in the four viz., hydroponics, aeroponics, aquaponics and substrate culture. Hydroponics is a method to grow a plant under water-based nutrients solution. Hydroponics system of vegetable cultivation consumes 60% less fertilizers than traditional methods. Aeroponics system plants are suspended in the air and roots are sprayed with a liquid moist nutrient. Aeroponics system widely used in vegetable crops including tomato, lettuce, cucumber, potato, yams, and leafy vegetables. In aquaponics system, farm waste effectively utilized by fish as nutrient source and nutrient-enriched water from the fish tank is used to feed the crop plants. Substrate culture or media are widely used in greenhouse cultivation and container-grown vegetables such as tomato, cucumber, capsicum, lettuce, and leafy greens. Commercial vegetables production using substrate culture such as coir, perlite, rock wool, and vermiculite are used alone or in combination. Soilless farming helps to produce high quality vegetables in the protected cultivation to meet the growing vegetables demand in the global market. 
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1. Introduction
Soil is the most available medium for growth and development of vegetables. Soil gives support to the plants and provides nutrients, air, water, etc., for normal growth and development of plants. The conventional open-field vegetable crop cultivation needs area, water sources, equipment, and optimal weather condition. In urban areas conventional vegetable crop cultivation practices is difficult due to limited space, limited fertile arable land and soil is less accessible for plant growth. These issues can be overcome by soil-less cultivation (Butler and Oebker 1962). Soilless cultivation is the technology refers to the growing of vegetable crops without the use of traditional soil as a rooting medium (Putra and Yuliando, 2015; Waiba et al., 2020) rather, plants are grown using alternative methods that deliver nutrients to their roots (Kumar and Verma, 2024). Soilless farming is a modern-day practice, but growing vegetable crops in containers above the ground level has been practiced at different times in the previous era. Soilless farming can provide significant requirements for plant growth and development with higher yield compared to traditional soil cultivation practices. The key factors of soilless farming such as good management, suitable production sites, good varieties or hybrids, contract market (Hussain et al., 2014). Joshi Dipesh et al., (2022) stated that different soilless cultivation systems can be used, based on the crops and its requirements. 
Soilless farming helps to produce high quality vegetables in the protected cultivation to meet the growing vegetables demand in the global market. In protected cultivation soil-borne diseases, low soil fertility, salinity, and alkalinity is a major problem in traditional soil farming over a long period of time. Introduction of soilless farming practices in protected structures like greenhouses or polyhouses with advanced cultivation technologies like sterilization, solarization process, advanced irrigation practices and modern fertigation approaches reduces the soil born pathogen infestations and other soil related problems in vegetable crops cultivation (Khan, 2018). Vegetable crops suitable for commercial soilless farming listed in table 1. Soilless farming classified in the four viz., hydroponics, aeroponics, aquaponics and substrate culture. 
2. Hydroponics
Hydroponics is a method to grow a plant under water-based nutrients solution. In hydroponics systems plant are allowed to uptake nutrient very efficiently and it can be implemented with or without supporting of substrate (Swain et al. 2021; Ikrang et al. 2022). Vegetables produced under hydroponics system have faster growth and development, early yield and free from toxic chemicals (Wong et al. 2020; Al-Kodmany, 2018). Based on water-nutrient solution circulation approach hydroponic systems are classified into two main types. The first is open systems, where the nutrient solution is directly applied to the plant roots and used only once without recirculation. The second one is known as closed systems where the nutrient solution is continuously recycled, optimizing water and nutrients (Cifuentes-Torres et al. 2021). In a nutrient solution, pH determines the availability of essential plant elements. The optimum pH range for soilless culture nutrient solution is between 5.8 and 6.5. Ideal EC range for hydroponics for most of the crops is between 1.5 and 2.5 dS m-1. The optimum range of EC and pH values for different vegetables grown in hydroponics system listed in table 2.  Hydroponics system of vegetable cultivation consumes 60% less fertilizers than traditional methods. There are many hydroponic techniques used for crop cultivation viz., Nutrient Film Technique, Dynamic Root Floating Technique, Water Culture Technique, and Ebb and Flow Method.
Different vegetable crops can grow under the hydroponics system viz., lettuce, spinach, tomato, cucumber, etc., (Monisha et al., 2023). Leaf vegetables like lettuce and spinach are highly suitable for hydroponic system of cultivation. Lettuce crop growing under recirculating hydroponic system with a spacing of 50 plants/m2 significantly increase yield and quality (Maboko and Plooy, 2009). Vegetable produced under hydroponics system contain 50 percent more vitamin A, B, C and Ethan conventional system (Prakash et al. 2020). The growth and yield performance of different tomato cultivars were evaluated in both Open and closed hydroponic systems. High marketable tomato yield was obtained in closed system and fruit cracking disorder was more in open system which reduces the yield of tomato (Maboko et al., 2011).  
3. Aeroponics 
The term aeroponic came from the Greek words ‘aero’ mean air and ‘ponos’ mean work. In aeroponics system, plants are suspended in the air and roots are sprayed with a liquid moist nutrient. Initially 1920s the aeroponics system was used to studying plant root structures and later used for commercial agriculture cultivation. Aeroponics is represents a paradigm shift in vegetables crops, offering a sustainable and efficient alternative to traditional vegetable cultivation practices. The nutrient mist system saves water and provides optimal space for growth and development of the plant. Plant roots system obtains speedy and maximum nutrients and under controlled conditions, leading to maximum nutritional water around the root system (Blais et al., 1999; Martin-Laurent et al., 2000). Aeroponics system widely used in vegetable crops including tomato, lettuce, cucumber, potato, yams, and leafy vegetables (Gopinath et al., 2017).
Chang et al. (2012) suggested that aeroponics system suitable for potato mini tubers production, in which the stolon growth stage root activity increasing significantly through restricted stolon growth. El-Helaly and Darwish (2019) reported that lettuce cultivation in aeroponics increases the root system in which the roots are totally suspended in air, the stem and root receive 100% of the available oxygen in the air and improve the plant growth and development. Studies suggested that, tuber yield under aeroponics system is better than the same conventional production (Factor et al., 2007). Osvald et al., (2001) studied that yield of tomato under aeroponics system with different plant densities (24, 32, 40 and 48 plants/m2). Maximum yield/plant (526 g) recorded in lower plant density (24 plants.m2) while, a maximum yield/m2 (21.2 kg) recorded in higher plant density (48 plant/m2). The results suggested that increase the plant density increases the total yield whereas reduce the per plant yield in the aeroponics system. 
4. Aquaponics 
Aquaponics is a sustainable food production system that combines hydroponics with aquaculture. In aquaponics system, farm waste effectively utilized by fish as nutrient source and nutrient-enriched water from the fish tank is used to feed the crop plants after being processed by nitrifying bacteria such as Nitrosomonas spp. and Nitrobacter spp., which convert ammonium and highly toxic ammonia into nitrate form in two sequential chemical reactions. The nitrifying bacteria form biofilms in biofilters or in the substrate of the hydroponic system. Excessively high oxygen content in the water can inhibit denitrification by bacteria (Chen et al. 2016). This system combines efficient nutrient utilization with the minimum water consumption, suitable for areas with the limited water resources (Rakocy et al. 2012). The wastewater from aquaculture has similar nutrient composition as the nutrient solution of hydroponic systems. Macro nutrient nitrogen and phosphorus abundantly available to the plants in the aquaponic system and considerable amount of potassium, calcium, and iron, also available in the aquaponic system for optimal growth and development of the plant (Buhmann and Papenbrock, 2013). Aquaponics system has an advantage of both economic and environmental aspects. Efficient use of space, costs are reduced by the high-cost of water treatments for fish cultivation is eliminated. Chemical pesticides and fungicides are not allowed in aquaponic system, which makes it necessary to use biological method of protection measures for both plants and fish. The advantages of aquaponic system include high water-use efficiency, minimum amount of fertilizer usage, and elimination of pesticides and antibiotics usage cost. Majority of the aquaponic systems function as aquaponics recirculation system (ARS), with plants uptake essential nutrients from fish waste. Water utilization is reduced except the splash of water for evaporation and transpiration by the plants. RASs uses less water (90–99%) than conventional aquaponic systems (Timmons and Ebeling, 2012).
A diverse species of fish and plant combinations have been studied so far, however, no direct comparisons were made between the different species in use within the same system. Lettuce and cucumber under use of Oreochromis niloticus compared with Clarias gariepinus in a warmwater aquaponic system shows greater performance in growth (Knaus and Palm, 2017). Enduta et al. (2011) studied ARS performance in nitrogen and phosphate removal from the aquaculture wastewater using water spinach and mustard green. In the aquaponics system is nutrient removal shows higher in the water spinach compared to mustard green due to its root structures and microbial attachments. 
5. Substrate culture 
Substrate culture or media are widely used in greenhouse cultivation and container-grown vegetables such as tomato, cucumber, capsicum, lettuce, and leafy greens. These could be of organic or inorganic material. Commercial vegetables production using substrate culture such as coir, perlite, rock wool, and vermiculite are used alone or in combination. All inorganic media derived from natural sources and only a part of them are subjected to industrial processing before their use. It may be natural (Gravel, Glass wool, Rockwool, Zeolite, Vermiculite, Pumice, Perlite) or synthetic (polyurethane), Oasis (plastic foam), Hydrogel. The most available organic materials are cocopeat, peat, composts, and wood residues (Gruda and Schnitzler 2004). The most important chemical properties of growing media are pH, CEC and nutrient content. Optimum pH of the growing media is between 5.5 and 6.0. The chemical properties of different soilless media given in table 3. Growing media should be free from pathogens, pests, weeds and should be biologically stable and non-toxic (Baudoin et al. 2013). Growing medium composed of large size particles have more aeration and less water-holding capacity than a growing medium with smaller size particles has less aeration and more water-holding capacity (Gordon, 2004). Water relation characteristics of different soilless media given in table 4. 
5.1 Perlite
Perlite originated from volcanic eruption and consist of silicone mineral. The volcanic ore is heated to high temperature (982 oC), which expanded aluminium silicate rock into white granular product. It is spongy and has good water holding properties. Perlite is light in weight, which makes it float away or move during the flooding cycle. Hence it is mixed with other media or material for crop cultivation is more effective. 
Asaduzzaman et al. (2013) studied the effects on growth, root yield, and qualities of carrot in perlite substrate and nutrient solution hydroponically. The results shows that carrot grown hydroponically in 0.6 mm perlite and 100% or 75% nutrient solution give maximum yield and higher quality.
5.2 Vermiculite
Vermiculite is a saturated laminar magnesium-aluminum-iron silicate mineral. It is a folded structure material from the heat expanded mica at a temperature of 760 oC. It has good water-holding capacity, aeration, neutral pH and very light in weight. Based on the size vermiculite graded into 1-5, among all grade 1 has a largest particle size, followed by 2 and 3 grades are smallest particle size and grade 4 and 5 are very fine textured particles. In soilless cultivation grade 4 and 5 are commonly used alone or mixed with other materials. 
Yartseva et al. (2024) studied the use of expanded vermiculite for seed germination of 5 brassica vegetables namely Beta vulgaris L., Brassica oleracea L., Brassica oleracea L. var. botrytis L., Brassica rapa L. and Lactuca sativa L. The results shows that use of vermiculite promote seed germination, seedlings shoot and root growth of all 5 vegetable crops, compared to the soil. 
5.3 Peat moss
Peat moss is a complex organic material derived from slow and continuous decomposition of plant residues in peat bog. Different organic materials can be used to form peat, but a large amount of peat is derived from composed sphagnum moss. It is characterized by dark brown fibrous material, good water-holding capacity, light in weight. Gruda (2019) Peat exploration has negative impacts on ecological and environmental concern and peat used as the plant growing substrate with the greater impact on conservation of resources and climate change.
Erdal and Aktaş (2025) studied the comparison of the Perlite, Leonardite, Vermicompost and Peat Moss and their combinations with cocopeat on growth and yield of Tomato. The highest fruit fresh (2160 g/plant) and dry weights (86 g/plant) were obtained from plants grown only in peat moss medium and highest P content was determined in plants grown on peat moss. The results shows that peat moss was the most effective growing media on tomato growth and fruit yield. Machado et al. (2021) studied the effect of different commercial substrates on yield, phytochemical accumulation, and antioxidant activity of spinach. The results shows that spinach plants grown in peat substrates have higher flavonoid content and antioxidant activity than other substrate cultures.
5.4 Coconut coir
Coir, also known as coir dust, coir meal, coir pith, and coir fibers and it is a byproduct of coir fibre processing industry. Cocopeat or coir pith or coir dust is a non-fibrous, spongy, light weight, corky material. Cocopeat having a C: N ratio of 24:1, good water holding capacity, good aeration, and light in weight. Coco-peat is commonly used as a medium for portray nursery production, rooftop gardening, protected cultivation vegetables, flowers, and ornamental plants. 
Machado et al. (2021) studied the effects of 4 commercial substrates, a peat-based substrate, and three coir types (coir pith, coir chips, and coir pith + fibers) on yield, phytochemical accumulation, and antioxidant activity were evaluated in Spinacia oleracea L. cv. ‘Manatee’. The results shows that leaf area and fresh yield in coir pith and coir pith + fiber were recorded similar to those obtained in peat. Shoot dry weight accumulation and leaf chlorophyll were lower in plants grown in coir. Total flavonoid, total phenols, and antioxidant activity content was higher in plants grown in coir pith. Raju et al. (2023) studied the effects of cocopeat and vermicompost on growth and yield of cucumber. Results shows that 100% recommended dose of fertilizer + 50% cocopeat + 50% vermicompost recorded better performance in growth and yield. Kim and Yoo (2024) studied the different combination medium on growth and yield of New Zealand Spinach. Results shows that medium with a mixing ratio of 1:3:0 with peat moss, cocopeat, and perlite showed higher nutritional components in the leaves, hight shoot and root growth were recorded. 
6. Conclusion
Soilless farming is an emerging technology utilized to production quality vegetables. Increasing urbanization, population and reducing agriculture land area, soilless cultivation is an alternative method to meet the requirement of the population demand. These technology helps in conservation of water and other resources. The initial cost of soilless farming is high, this is one of the majors constrains but in future theses constrains may change due emerging and cost-effective technologies. Soilless farming reduces the soil born pathogen infestations due to sterilization and solarization process which practiced before crop cultivation process. Soilless farming helps to produce high quality vegetables in the protected cultivation to meet the growing vegetables demand in the global market. 
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Table 1. Vegetable crops suitable for commercial soilless farming
	Crop name
	Botanical name
	Family

	Tomato 
	Solanum lycopersicom L.
	

Solanaceae

	Chilli 
	Capsicum annum
	

	Brinjal 
	Solanum melongena L.
	

	Bell pepper 
	Capsicum annum 
	

	Potato
	Solanum tuberosum L. 
	

	Cucumber 
	Cucumis sativus 
	Cucurbitaceae

	Melons 
	Cucumis melo 
	

	Cabbage 
	Brassica oleracea var. capitata 
	
Cruciferae


	Cauliflower 
	Brassica oleracea var. botrytis 
	

	Radish 
	Raphanus sativus 
	

	Green Bean 
	Phaseolus vulgaris 
	
Leguminosae

	Winged Bean 
	Psophocarpus tetragonolobus 
	

	Beet Root 
	Beta vulgaris 
	Chenopodiaceae

	Spinach
	Spinacia oleracea L.
	

	Onion 
	Allium cepa 
	Amaryllidaceae

	Lettuce 
	Lactuca sativa 
	Compositae

	Kang Kong 
	Ipomoea aquatica 
	Convolvulaceae

	Celery 
	Apium graveolens 
	Apiaceae


Source: Maharana and Koul (2011); Singh and Singh (2012)
Table 2. The optimum range of EC and pH values for different vegetables grown in hydroponics system
	Crops 
	EC (dSm-1) 
	pH 

	Asparagus 
	1.4-1.8 
	6.0-6.8 

	Bean 
	2.0-4.0 
	6.0 

	Broccoli 
	2.8-3.5 
	6.0-6.8 

	Cabbage 
	2.5-3.0 
	6.5-7.0 

	Celery 
	1.8-2.4 
	6.5 

	Cucumber 
	1.7-2.0 
	5.0-5.5 

	Egg Plant 
	2.5-3.5 
	6.0 

	Leek 
	1.4-1.8 
	6.5-7.0 

	Lettuce 
	1.2-1.8 
	6.0-7.0 

	Pak Choi 
	1.5-2.0 
	7.0 

	Peppers 
	0.8-1.8 
	5.5-6.0 

	Parsley 
	1.8-2.2 
	6.0-6.5 

	Spinach 
	1.8-2.3 
	6.0-7.0 

	Tomato 
	2.0-4.0 
	6.0-6.5 


Source: Sharma et al. (2018)




Table 3. Chemical properties of different soilless media
	Substrate
	pH
	EC
(dS m-1)  
	TOC (%)
	Total N
(100 g)
	Total P2O5
(100 g)
	Total K2O 
(100 g)

	Coconut coir
	6.23
	5.02
	36.39
	0.84
	0.02
	1.84

	Perlite
	8.53
	0.08
	0.30
	0.06
	0.00
	0.21

	Vermiculite
	9.04
	0.07
	3.43
	0.03
	0.45
	0.20

	Vermicompost
	6.28
	6.65
	14.51
	1.90
	0.35
	0.54

	Sand
	7.93
	0.15
	0.33
	0.06
	0.16
	0.21

	Rice husk
	5.35
	2.54
	35.16
	1.88
	0.01
	1.81

	Paddy straw
	7.11
	2.06
	30.78
	1.12
	0.08
	2.57

	Saw dust
	5.45
	1.05
	43.41
	0.50
	0.01
	1.53

	Rockwool
	8.47
	0.04
	0.49
	1.40
	0.30
	0.22


Source: Mariyappillai and Arumugam (2021)






Table 4. Water relation characteristics of different soilless media
	Substrate
	Bul density
(gm cm-3)
	Particle density
(gm cm-3)
	Total porosity (%)
	Maximum water holding capacity (%)
	Water in air dry substrate (%)
	Volume of expansion (%)

	Coconut coir
	0.47
	0.63
	75.81
	769.30
	19.85
	185.78

	Perlite
	1.58
	1.27
	124.78
	133.63
	4.86
	12.92

	Vermiculite
	4.29
	4.67
	92.90
	47.18
	7.92
	10.58

	Vermicompost
	2.15
	1.74
	124.91
	134.21
	24.10
	64.98

	Sand
	4.57
	3.32
	138.89
	51.80
	22.48
	0.92

	Rice husk
	1.10
	0.75
	146.91
	221.76
	27.87
	1.78

	Paddy straw
	0.41
	0.55
	76.26
	496.23
	15.23
	29.54

	Saw dust
	0.79
	0.37
	216.05
	369.03
	22.42
	23.26

	Rockwool
	0.44
	0.23
	190.35
	650.63
	27.62
	1.60


Source: Mariyappillai and Arumugam (2021)
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