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Abstract  

This thesis investigated the nutritive profiles of leafy vegetables cultivated on enriched soilless 

potting growth media under greenhouse conditions, focusing on spinach (Spinacia oleracea 

L.), cowpea (Vigna unguiculata L. Walp.), amaranth (Amaranthus viridis L.), and collard 

(Brassica oleracea L.). Three substrate ratios of charcoal dust to coffee husk (2:1, 1:1, 1:2) 

were combined with three fertilizer treatments Tithonia diversifolia leaf powder, inorganic 

NPK (15:15:15), and an unfertilized control to evaluate morphological traits, yield and nutrient 

composition (protein, carbohydrate, fibre, ash, fat, dry matter, and iron). Fertilizer regimes 

significantly influenced nutrient profiles: inorganic inputs enhanced protein (p= 0.00514) and 

fibre (p= 0.0372), while organic amendments promoted carbohydrate (p= 0.0319) and iron 

accumulation. Growth media composition also affected plant responses, with amaranth and 

collard benefiting most from tailored blends, whereas spinach and cowpea showed resilience 

across treatments. Cowpea’s adaptability was evident in stable dry matter and consistently high 

protein, reflecting its nitrogen-fixing capacity. Nutrient outcomes were shaped by both 

fertilizer type and media composition, highlighting interaction effects. However, ANOVA 

revealed that growth media, fertilizer treatments, and their interaction did not significantly 

affect yield (p > 0.05), with species differences accounting for most variation. Overall, the 

results show that differences in growth media and fertilizer had no significant impact (p >0.05) 

on dry matter, crude fat, and total ash content, suggesting these traits may be more strongly 

influenced by genetic variability, environmental conditions, or nutrient interactions. 

Comparative analysis indicated that soilless systems generally produced higher protein, fibre, 

and dry matter, while soil-based cultivation yielded greater iron and carbohydrate. In 

conclusion, integrating waste-derived soilless media with tailored fertilizer regimes offers a 

scalable and sustainable pathway for leafy vegetable production, with relevance not only for 

Uganda but also for regions worldwide confronting resource constraints. By advancing 

resource-efficient cultivation, enriched soilless systems can contribute to global food security 

and climate-resilient agriculture. 

Keywords: Soilless cultivation, Tithonia leaf powder, charcoal dust, coffee husk, leafy 

vegetables, nutritional quality, Uganda. 
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CHAPTER 1: INTRODUCTION 

1.0 Introduction 

Agricultural production in Uganda plays a central role in food security, livelihoods, and 

economic development. Among the various crops cultivated, leafy vegetables are vital for their 

nutritional value, affordability, and cultural significance in local diets. However, the 

productivity and quality of these vegetables are increasingly threatened by declining soil 

fertility, erratic weather patterns, and unsustainable farming practices, including the excessive 

use of chemical fertilizers and pesticides. In response to these challenges, there is growing 

interest in alternative cultivation systems that promote sustainability, resource efficiency, and 

nutritional improvement. Soilless agriculture, particularly the use of organic waste materials 

such as charcoal dust and coffee husk, offers a promising solution for improving vegetable 

production without relying on conventional soil-based methods. Likewise, the use of organic 

fertilizers derived from readily available Tithonia diversifolia leaves offers an eco-friendly alternative 

to synthetic inputs, providing potential benefits for crop health and environmental sustainability. This 

study investigates the combined effects of fertilizer regimes and soilless media compositions 

on the morphological traits and nutrient profiles of selected leafy vegetables, namely spinach, 

cowpea, amaranth, and collard. By comparing different media ratios and fertilizer types under 

controlled greenhouse conditions, the research aims to identify optimal combinations that 

enhance both yield and nutritional quality. Additionally, a comparative analysis with soil-

grown counterparts provides a broader context and benchmark for evaluating the performance 

of soilless systems. 

The chapter proceeds with a detailed background to the study, a statement of the problem, 

research objectives, hypotheses, and the significance of the study within Uganda’s agrifood 

context. 

1.1 Background of the agri-food system in Uganda 

Uganda’s agrifood system is the cornerstone of its economy, employing approximately two-

thirds of the labour force and contributing about one-quarter of the national GDP (Diao et al., 

2023; World Bank, 2018). The sector is dominated by smallholder farmers, who account for 

over 80% of the farming population (Environmental Defenders, 2021). These farmers cultivate 

a mix of staple crops, cash crops, and horticultural produce, often on plots averaging less than 

two hectares. Despite favourable agro-ecological conditions, including fertile soils and a 

generally conducive climate, the country continues to grapple with persistent food insecurity 

and malnutrition, particularly in rural areas (Galema et al., 2024). 

The agrifood system in Uganda is undergoing a gradual transformation, moving from 

subsistence-oriented production towards more market-integrated and diversified value chains 

(Diao et al., 2023). However, this transition is uneven, with productivity growth lagging behind 

population growth, leading to pressure on food supply and rural livelihoods. The heavy reliance 

on rain-fed agriculture makes the sector highly vulnerable to climate variability, which in turn 

affects yields, incomes, and food availability (World Bank, 2018). 
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Vegetables and other horticultural crops present a significant opportunity within Uganda’s 

agrifood system. They are nutrient-dense, have short production cycles, and can be cultivated 

on small plots, making them ideal for resource-constrained households (Food Systems Profile 

- Uganda, 2023). Increased vegetable production and consumption have been linked to 

improved micronutrient intake, especially among women and children (Ayenew et al., 2018). 

Yet, vegetable farming remains under-prioritized compared to staple crops such as maize and 

cassava, partly due to limited access to inputs, inadequate extension services, and 

underdeveloped market infrastructure (FAO, 2024). 

Policy frameworks, such as Uganda’s Vision 2040 (Government of Uganda, 2013) and the 

National Development Plan III,  (National Planning Authority, 2020) recognize agriculture as 

a key driver of socio-economic transformation. However, implementation challenges persist, 

including insufficient investment in rural infrastructure, limited access to affordable credit, and 

gaps in food safety and quality assurance systems (FAO, 2024). Fertilizer use remains low, and 

recommendations are often generic rather than tailored to specific agro-ecological zones, 

resulting in inefficient nutrient use and suboptimal crop performance (AGRA, 2018). 

The broader agrifood system also encompasses post-harvest handling, processing, distribution, 

and retail, all of which are critical for value addition and employment creation. As urbanization 

accelerates, demand for diverse, safe, and nutritious foods is expected to increase, creating 

opportunities for agrifood system actors beyond primary production (Diao et al., 2023). 

However, without targeted interventions to address productivity constraints, climate risks, and 

market access barriers, Uganda’s agrifood system may struggle to meet the nutritional and 

economic needs of its growing population. 

1.1.1 Role of leafy vegetables in Uganda’s agrifood system 

 

Table 1: Different uses of leafy vegetables  

Key Dimension Contributions to Agri-Food System 

Nutritional 

Security 

Provision of micronutrients (e.g., vitamins A and C, iron, calcium) via 

intercropped leafy greens; reduction in anemia for women (Kabunga et 

al., 2014; Rubaihayo, 2002). 

Economic 

Viability 

Income from surpluses in home gardens; alignment with market 

preferences for species like amaranthus and kales (Okoma et al., 2025; 

Rubaihayo, 2002).  

Production 

Resilience 

Year-round cultivation despite resource limits; potential for sustainable 

intensification to address pests, drought, and soil fertility (Okoma et al., 

2025; Rubaihayo, 2002). 

Socio-Economic 

Equity 
Empowerment of rural women through accessible cultivation; integration 

with fruits for enhanced household outcomes (Kabunga et al., 2014). 

 

Leafy vegetables occupy a central place in Uganda’s agrifood system, both as a dietary staple 

and as a source of income for rural and peri-urban households. They are among the most 

affordable and accessible sources of essential micronutrients, including iron, calcium, vitamin 

A, and vitamin C, which are critical for preventing malnutrition and micronutrient deficiencies 

(FAO, 2021b; Maseko et al., 2017). The commonly consumed species such as amaranth 

(Amaranthus spp.), Ethiopian kale (Brassica carinata A. Braun), spinach (Spinacia oleracea 
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L.), and sweet potato [Ipomoea batatas (L.) Lam.] leaves are cultivated across diverse 

agro-ecological zones and are integral to traditional diets (Food Plant Solutions, 2021). 

The nutritional importance of leafy vegetables is underscored by their role in improving dietary 

diversity, particularly among vulnerable groups such as children and women of reproductive 

age (Ayenew, et al., 2018). Regular consumption of dark green leafy vegetables has been linked 

to improved iron status, reduced risk of vitamin A deficiency, and better overall health 

outcomes (FAO, 2021b). In addition to their health benefits, leafy vegetables are valued for 

their short growth cycles, which allow for multiple harvests per year, providing a steady food 

supply and income stream for smallholder farmers (Food Systems Profile - Uganda, 2023). 

From an agronomic perspective, leafy vegetables are adaptable to a range of production 

systems, including home gardens, intercropping arrangements, and increasingly, soilless 

cultivation methods. Many species are resilient to local pests and diseases, and some 

indigenous varieties are well adapted to Uganda’s climatic conditions, requiring fewer external 

inputs (Food Plant Solutions, 2021). This adaptability makes them an important component of 

climate-smart agriculture strategies aimed at enhancing resilience and sustainability in the 

agrifood system. 

Economically, leafy vegetables contribute to household income through sales in local markets, 

urban street vending, and supply to institutional buyers such as schools and hospitals. The 

growing demand for fresh, nutrient-rich produce in urban centres presents opportunities for 

smallholders to integrate into higher-value horticultural value chains (FAO, 2024). However, 

challenges such as post-harvest losses, limited cold storage, and fluctuating market prices 

continue to constrain the sector’s potential. 

Given their nutritional, economic, and agronomic value, leafy vegetables represent a strategic 

entry point for interventions aimed at improving food security, dietary diversity, and rural 

livelihoods in Uganda. Integrating innovations such as soilless cultivation and tailored fertilizer 

regimes could further enhance their productivity and nutritional quality, aligning with national 

goals for sustainable agrifood system transformation. 

1.1.2 Overview of soilless cultivation in Uganda 

Soilless cultivation in Uganda is particularly relevant to the production of leafy vegetables, 

which are vital for both nutrition and income generation among smallholder and urban farmers 

(Gumisiriza et al., 2022a). Leafy greens such as amaranth, spinach, collard greens, and lettuce 

are fast-growing, nutrient-dense crops that thrive in controlled environments like hydroponic 

systems. These systems allow for precise nutrient delivery and water management, which is 

especially beneficial for leafy vegetables that require consistent moisture and nutrient 

availability to maintain their quality and yield. Studies conducted in Uganda have shown that 

hydroponically grown lettuce and amaranth exhibit improved leaf number, shoot height, and 

root development compared to soil-grown counterparts, making soilless cultivation a 

promising approach for enhancing leafy vegetable production (Gumisiriza et al., 2022b, 2023). 

Moreover, leafy vegetables are highly perishable and sensitive to soil-borne diseases, which 

make soilless systems even more advantageous. By eliminating soil as a growth medium, 

farmers can reduce the risk of contamination and improve post-harvest quality. Simplified 

hydroponic setups like the Kratky method (Kratky, 2009; Ubroda, 2024) have proven effective 

for growing leafy greens in urban settings, offering a low-cost, low-maintenance solution that 
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supports household nutrition and food security. As Uganda continues to urbanize and face 

climate-related challenges, integrating soilless cultivation into leafy vegetable farming can help 

meet the growing demand for fresh, nutritious produce while promoting sustainable 

agricultural practices (Fuentes-Peñailillo et al., 2024a). 

1.1.3 Organic and inorganic fertilizers use in leafy vegetable production 

Agriculture began organically. For many centuries, humans farmed without synthetic biocides 

or inorganic fertilizers, relying on organic fertilizers derived from plants and animals, and 

protecting crops from pests and diseases using naturally-occurring materials. From the second 

half of the nineteenth century, growers around the world successfully developed and refined 

farming systems that relied on synthetic biocides or inorganic fertilizers (Manoharan, 2021). 

Agriculture was practiced in ancient times without the use of synthetic chemicals. In the middle 

of the 19th century, the use of synthetic chemicals like insecticides and fertilizers became 

routine, to the point of overuse. As agriculture became more intensive, with the irrational use 

of synthetic chemicals agroecosystems was damaged by these unsound agricultural practices. 

In the 20th century, organic farming developed as a reaction to these unsustainable farming 

methods. Comparing organic agricultural methods to conventional farming, the yields are 

lower. Compared to conventional farming systems, organic production methods can yield food 

products of equal or greater nutritional quality, often with reduced or negligible pesticide 

residues. These systems are frequently associated with enhanced profitability and demonstrate 

stronger alignment with environmental stewardship (Mohamed et al., 2018). The substitution 

of synthetic pesticides with biological or organic inputs, alongside the use of organic 

amendments for crop fertilization, represents a practice that mitigates ecological risks and 

promotes sustainability. Consequently, organic food production contributes positively to both 

human health and environmental well-being. 

 Organic farming, which excludes the use of synthetic pesticides and fertilizers, has gained 

increasing global prominence in recent years Mohanapriya et al. (2022).The COVID-19 

pandemic further accelerated this trend by heightening consumer awareness of health, nutrition, 

and food safety. Consequently, the demand for organic fruits and vegetables has expanded 

worldwide, driven by rising consumption patterns and constrained production capacity.  

Abawari, (2022) noted that with the demand changing, use and consumption of natural products 

have been growing, so there has been greater interest in research in this area. Added to this 

interest is the concern of environmental impact caused by chemical inputs. Soil fertility 

management strategies for improving plant nutrients and crop productivity include the use of 

application of composts, vermicomposts and manures. The use of organic materials is regarded 

as a workable alternative to increasing the productive potential of soils in situations where there 

is a limited supply of conventional fertilizers. Due to the scarcity of studies on the utilization 

of plant leftovers as a source of nutrients, many potentially useful plant residues or materials 

go unused (Partey et al., 2016). Since organic manures typically enhance the soil's physical, 

chemical, and biological qualities, using them to satisfy a crop's nutritional needs might 

become standard practice for sustainable agriculture in the years to come (Adekiya et al., 2020). 

Organic and inorganic fertilizers play a pivotal role in enhancing the productivity of leafy 

vegetables, which are essential for nutritional security in many regions, including sub-Saharan 

Africa. Empirical evidence indicates that the combined application of organic and inorganic 

fertilizers can simultaneously enhance crop yield and sustain soil health in leafy vegetable 

production systems. For example, the integration of organic compost with chemical fertilizers 
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has been shown to promote leaf expansion, improve nutrient uptake, and increase biomass 

accumulation in lettuce, while also mitigating the risk of heavy metal contamination in soils 

(Hossain & Ryu, 2018a). Such integrated nutrient management strategies align with the 

principles of sustainable intensification, particularly in resource-constrained farming contexts 

where long-term soil productivity is essential. In addition, foliar supplementation with organic 

nutrients has emerged as a complementary practice that stimulates vegetative growth and 

minimizes adverse environmental impacts (Bandera & Magolama, 2023). 

Economic analyses also suggest that organic fertilizers can be profitable under certain 

conditions. A study in Nigeria revealed that farmers using commercial organic fertilizers 

achieved higher yields and a marginal rate of return of 229%, despite facing challenges such 

as bulkiness and odor (Alimi et al., 2007). However, the cost-effectiveness of organic inputs 

depends on market prices, availability, and farmer perceptions. In many cases, inorganic 

fertilizers remain the preferred choice due to their ease of use and immediate results, although 

their long-term sustainability is questionable. In any case, in many rural areas inorganic 

fertilizers are either not available or not affordable for smallholder farmers. 

Ultimately, the choice between organic and inorganic fertilizers in leafy vegetable production 

should be guided by agroecological conditions, crop requirements, and socioeconomic factors. 

While inorganic fertilizers offer short-term gains, organic inputs contribute to soil health and 

environmental sustainability. A balanced, site-specific fertilizer strategy potentially integrating 

both types can help farmers achieve optimal yields, improve nutritional quality, and support 

resilient food systems (Alimi et al., 2007; Bandera & Magolama, 2023; Hossain & Ryu, 2018b; 

Tabaglio et al., 2015).  

Inorganic fertilizers, particularly those rich in potassium (K), are valued for their high solubility 

and immediate nutrient availability, which can rapidly stimulate crop growth. However, their 

overuse has been linked to negative consequences, including soil degradation, nutrient 

imbalances, and increased risks of leaching losses. In tropical agro-ecosystems such as Uganda, 

potassium leaching is especially pronounced in sandy soils under high rainfall, though nitrogen 

and phosphorus remain the most critical limiting nutrients for crop productivity. Excessive 

reliance on K fertilizers without balanced nutrient management may therefore contribute not 

only to reduced soil fertility but also to broader environmental concerns such as water pollution 

and ecosystem disruption (Tamale et al., 2021).Conversely, organic amendments such as 

compost, manure, and plant residues contribute to improved soil structure, enhanced microbial 

activity, and sustained fertility over time (Hossain & Ryu, 2018a). Although the nutrient release 

from organic sources is comparatively slower and less predictable, their long-term benefits for 

soil health are well documented (Griengo et al., 2023) 

Although nitrogen (N) is widely recognized as the most limiting nutrient in Ugandan soils due 

to continuous cropping and high leaching losses under rainfall conditions, potassium (K) also 

plays a critical role in crop productivity and soil fertility. The emphasis on K in this study stems 

from its importance in leafy vegetable growth and quality, as well as its susceptibility to 

depletion in certain soil types with low cation exchange capacity, particularly sandy or highly 

weathered soils common in parts of Uganda. While N losses through leaching are generally 

more severe, K leaching can occur under high rainfall regimes and in soils with poor nutrient 

retention, making it a relevant factor to consider alongside nitrogen. Therefore, the focus on 

potassium does not imply that N is unimportant, but rather highlights that both nutrients can be 

limiting depending on soil type and management, and that K deserves specific attention in the 

context of sustainable fertilizer use and crop nutrition in Uganda (Kyomuhendo et al., 2018). 
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Table 2:Comparison: Organic versus inorganic fertilizers  

Feature Organic Fertilizers Inorganic Fertilizers 

Nitrogen form 
Bound in organic compounds 

(proteins, amino acids) 

Readily available as nitrate 

or ammonium 

Release rate Slow, via microbial mineralization Immediate, water-soluble 

Soil impact 
Improves soil organic matter, 

microbial activity 

Can cause leaching, 

acidification if overused 

Nitrogen content 

variability 

Highly variable (e.g., Tithonia 

diversifolia ~3–4% N) 

Standardized concentrations 

(e.g., NPK 15:15:15 has 15% 

N) 

Sustainability 
Renewable, reduces dependence on 

chemicals 

High yield boost but 

environmental risks 

Source: (A. Ahmad et al., 2025; Yeasmin et al., 2025) 

A notable limitation of organic fertilizers is the variability in nutrient percentages. Unlike 

inorganic fertilizers, which provide standardized nutrient concentrations (for example, NPK 

15:15:15 guarantees 15% nitrogen, phosphorus, and potassium), organic sources such as 

compost, manure, or green biomass often show wide fluctuations in nutrient content depending 

on their origin, season, and decomposition stage. For instance, Tithonia diversifolia leaves may 

contain approximately 3–4% nitrogen, but this value is not fixed and can vary considerably. 

This inconsistency makes precise nutrient management challenging, as farmers cannot easily 

predict the exact nutrient supply or synchronize it with crop demand. Consequently, there is a 

risk of under-application, leading to nutrient deficiencies and reduced yields, or 

over-application, which may cause nutrient imbalances and inefficiencies. This limitation 

highlights why organic fertilizers are often complemented with inorganic sources to balance 

reliability with sustainability (A. Ahmad et al., 2025; Yeasmin et al., 2025).Given this 

variability in nutrient content, there is a clear need to investigate optimized combinations of 

growing media and fertilizer types that can ensure consistent nutrient supply, enhance crop 

performance, and promote sustainable use of agricultural by-products such as coffee husk. 
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Figure 1:Global distribution of organic Agriculture (FiBL and IFOAM, 2025). 

In 2023, global sales of organic food reached nearly €136 billion, with organic fruits and 

vegetables representing one of the fastest-growing segments (FiBL and IFOAM, 2025).  

Specifically, the organic fruits and vegetables market is expected to grow from USD 73.2 

billion in 2024 to USD 153.7 billion by 2034 (Market.us, 2025).This imbalance between supply 

and demand underscores the growing importance of organic produce in modern food systems. 

 Globally, organic agriculture has continued to expand, reaching over 76 million hectares of 

certified organic farmland in 2023, with consumer demand for organic products rising steadily 

across Europe, North America, and Asia (Research Institute of Organic Agriculture (Willer et 

al., 2023) . Uganda stands out as one of the top three producers of organic products worldwide, 

largely due to its favourable climate, fertile soils, and strong export orientation. This 

positioning gives Uganda a competitive edge in supplying organic coffee, cotton, and fresh 

produce to international markets, where demand for chemical-free and sustainably grown 

products is accelerating (Ronner et al., 2023). 

Uganda’s prominence in organic production presents significant opportunities for rural 

development, income diversification, and environmental sustainability. The country’s organic 

sector is projected to increase exports by 40% in the near term, driven by rising global health 

consciousness and eco-friendly consumption patterns. For smallholder farmers, organic 

certification not only opens access to premium markets but also reduces reliance on costly 

synthetic inputs, thereby improving resilience against price unpredictability. Moreover, organic 
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farming aligns with Uganda’s national goals of sustainable agriculture and climate adaptation, 

making it a strategic pathway for long-term food security (Deutsche Gesellschaft für 

Internationale Zusammenarbeit (GIZ), 2023). 

An emerging opportunity lies in integrating organic fertilizers into soilless cultivation systems, 

particularly for leafy vegetables such as spinach, kale, and lettuce. Soilless systems like 

hydroponics or substrate-based cultivation allow for efficient water use, reduced pest pressure, 

and year-round production. When enriched with organic fertilizers derived from compost, 

manure, or bio-slurry, these systems can produce nutrient-dense vegetables while maintaining 

organic certification standards (Fuentes-Peñailillo et al., 2024b) 

The adoption of soilless organic systems could transform Uganda’s agricultural landscape by 

diversifying production beyond traditional export crops. Leafy vegetables grown organically 

in controlled environments would not only meet domestic nutritional needs but also create new 

export niches in regional and global markets. Additionally, integrating organic fertilizers into 

soilless systems reduces environmental footprints, supports circular economy practices, and 

enhances food safety. This synergy between Uganda’s organic leadership and innovative 

cultivation methods positions the country as a model for sustainable agriculture in Africa and 

beyond (Lakhiar et al., 2025a). 

1.1.4 Tithonia (Tithonia diversifolia L.) 

Tithonia is common in Uganda, Kenya, Tanzania, South Africa, Malawi, and some areas of 

Zambia. Throughout much of Africa, invasive Tithonia species are common and continuing to 

expand. It has proven to be an Arenosol-adapted plant with great potential for usage as feed 

globally. It is regarded as an invasive plant with a high capacity for adaptation that can serve a 

variety of functions, including serving as a substitute source of food for many animal species. 

Farmers are using Tithonia more and more as they become aware of its high biomass 

accumulation, good nutritional value, and ability to thrive in tropical situations (Silva et al., 

2020). Mexican sunflower (Tithonia diversifolia) also known as is an invasive shrub belonging 

to the family Asteraceae that grows in tropical regions of South America, Asia, and Africa. It 

is used as a green biomass to increase soil fertility as well as a traditional medicine, and as a 

decorative plant (Orsomando et al., 2016).  

Tithonia has a strong fertilizing power and the potential to improve over time not only the soil 

characteristics but also the nutrient levels in the palm organs when grown as a green manure 

crop in coconut farms (Senarathne et al., 2019a). It has been frequently planted for its 

decorative and soil fertility-enhancing features, and in new areas it has turned into a renowned 

environmental weed (Kriticos & Kriticos, 2021). Given the high cost and restricted availability 

of synthetic fertilizer, using organic fertilizers may be a viable option. Solid or liquid organic 

fertilizers (LOF) are the two most popular forms of organic fertilizer. Tithonia, a broadleaf 

plant with high levels of N, P, and K, is frequently used to enrich LOF (Puteri et al., 2021). 

Due to its high nitrogen content (≈3.17% in leaves), Tithonia diversifolia has been used as a 

source of green manure (Susanti et al., 2018). It has also been used as green manure in some 

regions of Africa, Latin America, and Asia. This is due to the plant's quick growth cycle, high 

capacity for nitrogen fixation, high tissue phosphorus accumulation, and improved ability to 

access nutrients like phosphorus in depleted soils (Scrase et al., 2019). In some cases, Tithonia 
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can be considered a weed that produces a lot of biomass and has good nutrient content, making 

it a viable composting material (Pelu et al., 2020). In agriculture, organic matter helps preserve 

soil fertility. Green leaf biomass of Tithonia diversifolia is known to be a potential source of 

green manure for numerous crops because they are rich in plant nutrients (Senarathne et al., 

2019b). 

Nitrogen Content in Tithonia diversifolia as an Organic Fertilizer 

Nitrogen is a vital macronutrient for plant growth, influencing protein synthesis, chlorophyll 

formation, and overall crop productivity. While inorganic fertilizers supply nitrogen in readily 

available forms such as nitrate and ammonium, organic sources provide nitrogen bound in 

complex compounds that become available through microbial mineralization, thereby 

supporting sustained soil fertility and reducing leaching losses. Among organic inputs, Tithonia 

diversifolia  has proven particularly effective due to its high nitrogen content, with leaf 

concentrations ranging between 3–4%, levels comparable to some inorganic fertilizers (Jama 

et al., 2000) .Its rapid decomposition ensures nutrient release in synchrony with crop demand, 

improving uptake efficiency and yields in resource-constrained systems (Geisseler et al., 2021). 

Recent findings further highlight its role in enhancing nitrogen cycling and reducing losses 

compared to other organic amendments (Breza & Grandy, 2025).Collectively, the high 

nitrogen concentration, rapid mineralization, and synchrony with crop needs make Tithonia 

diversifolia a superior organic fertilizer that enhances crop nutritional quality while 

contributing to sustainable soil fertility management in smallholder systems. 

1.1.5 Utilization of charcoal residues and crop by-products as sustainable soilless 

growing media for leafy vegetable production 

Charcoal dust, a fine by-product of wood combustion and charcoal production, is increasingly 

recognized as a useful component in soilless substrates because its highly porous structure 

enhances aeration while simultaneously improving water-holding capacity and nutrient 

retention(FAO, 2021a).These properties support vigorous root development and reduce 

nutrient leaching, making charcoal dust a sustainable alternative to conventional growing 

media (Gruda, 2019). When combined with other organic materials, it provides a balanced 

substrate suitable for leafy vegetables such as amaranth and spinach. For instance, a study 

conducted in Uganda demonstrated that a mixture of charcoal dust and coffee husks (4:1 ratio) 

significantly improved the growth rate of Amaranthus cruentus L., with notable increases in 

shoot height, leaf number, and root length compared to conventional soil-based media 

(Chemutai et al., 2019).  This evidence suggests that charcoal dust can serve as a viable 

substitute for mined soil, particularly in urban and peri-urban agriculture where land resources 

are limited. 

Coffee production has seen an increase in demand over the past 20 years, which has increased 

the demand for production and is currently driving an expansion in the area under coffee 

cultivation. However, this rise in output ultimately causes the amount of waste created to 

increase (San Martin Ruiz et al., 2021). Compost can be used as an ameliorant to enhance soil 

quality and boost crop production. Coffee husk is one of the organic materials that can be used 

as compost. The remaining coffee husk has the potential to improve the quality and productivity 

of the plant, but if it is not used, it will also contaminate the environment (Junedi et al., 2022). 
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According to  the USDA Foreign Agricultural Service (2024) report, global coffee production 

has expanded from approximately 8.7 million Mg in 2013 to 10.5 million tonnes in 2024. Post-

harvest processing, which is required to separate beans from the husk, generates substantial 

quantities of residual biomass. Given that husks constitute nearly 50% of the harvested coffee 

mass; their mismanagement poses significant environmental risks. The common practice of 

piling husks at farm sites not only represents an inefficient disposal method but also contributes 

to waste accumulation and putrefaction, with adverse implications for soil quality, biodiversity, 

and human health (Zoca et al., 2014). Identifying sustainable alternatives for husk utilization 

is therefore critical to mitigating these environmental challenges and advancing circular 

bioeconomy approaches within coffee production systems. 

Vermicomposting is a biological process in which earthworms and microorganisms convert 

organic waste into a nutrient-rich, humus-like material called vermicompost. In agriculture, 

vermicomposting is used to improve soil fertility, enhance soil structure, increase microbial 

activity, and supply plants with readily available nutrients in a sustainable and environmentally 

friendly way (Manzoor et al., 2024). Vermicomposting (organic manure) can be a valuable tool 

for valorizing this organic waste, while also producing a fertilizer for reuse in agriculture 

(Karmakar et al., 2015).  

Coffee husks are a major agro-industrial waste in coffee-producing countries like Uganda 

(Kiggundu & Sittamukyoto, 2019a). Coffee husks are rich in organic matter and micronutrients 

such as potassium, calcium, and magnesium. Their fibrous texture contributes to improved 

drainage and aeration when used as a substrate. A physico-chemical analysis of coffee husks 

revealed their potential for use in biodegradable applications and as a growing medium due to 

their high fiber content and nutrient profile (Vivas et al., 2025). These properties make coffee 

husks particularly suitable for leafy vegetable cultivation, where root oxygenation and nutrient 

availability are critical for optimal growth. 

Spent coffee grounds (SCG), another coffee by-product, have also been evaluated as a partial 

substitute for peat in nursery substrates. A study on Brassica seedlings found that incorporating 

SCG at 2.5–5% into the growing media improved seed emergence, leaf number, and biomass 

in crops like broccoli and cabbage. However, higher concentrations (≥10%) led to phytotoxic 

effects and reduced antioxidant activity, indicating the need for careful formulation 

(Chrysargyris et al., 2021). These findings highlight the potential of SCG as a nutrient-rich 

additive for leafy vegetable production, provided its use is optimized to avoid negative impacts 

on plant physiology. 

Combining charcoal dust and coffee husks in soilless media not only supports plant growth but 

also contributes to circular economy practices by repurposing agricultural waste. This approach 

aligns with sustainable agriculture goals, reducing reliance on mined soil and synthetic inputs. 

A recent study demonstrated that composting spent coffee grounds with biochar (a form of 

charcoal) enhanced microbial diversity and nutrient availability, resulting in improved 

chlorophyll content and growth performance in leafy vegetables like spinach and garden cress 

(Ozer et al., 2024). Such integrated use of by-products offers a promising pathway for eco-

friendly and productive vegetable cultivation.  

1.1.6 Nutritional Importance of Leafy Vegetables 

The desire to organically strengthen the immune system is driving an increase in interest in 

eating nutritionally enhanced foods. In this respect, foodstuffs known as "superfoods" that 
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support overall health and boost the immune system include vegetables high in bioactive 

chemicals (Cobos & Díaz, 2023). Leafy greens constitute a major component of diets 

worldwide, providing essential phytonutrients and contributing significantly to dietary 

diversity, though staple cereals and tubers remain the dominant sources of caloric intake 

(Sarma & Tr, 2024a).The growing awareness of the importance of vital vitamins and minerals 

has led to a significant emphasis on the necessity for green leafy vegetables. Due to their quick 

growth and ability to produce many crops in a season, greens are among the most prolific plants 

in terms of nutritional value per unit area. They provide adequate levels of several minerals as 

well as vitamins A and C (Shikha Markam, 2022). The green leafy vegetables that are rich in 

phytochemicals are powerful antioxidants. 

According to more recent studies, plant-based diets are rich in vitamins, minerals, and, possibly 

most importantly, phytonutrients. These phytonutrients are known to have pleiotropic effects 

on cellular structure and function, which ultimately lead to improved outcomes through the 

control of protein kinases and subsequent epigenetic alteration (Minich, 2019). In addition to 

being high in vitamins, minerals, and fiber, leafy greens also contain bioactive substances that 

support anti-inflammatory and antioxidant properties. They promote general health by 

lowering the risk of chronic diseases like cardiovascular disease, type-2 diabetes, and several 

types of cancer, thanks to their high nutrient-to-energy ratios (Sarma & Tr, 2024b). They may 

have anti-diabetic, anti-cardiovascular diseases, anti-hypertensive, anti-carcinogenic, anti-

anemic, and gut-healthy effects (Aslam et al., 2020). 

Studies have also shown that regular use of these low-calorie, high-nutrient-to-energy ratio 

meals improves micronutrient status in people with marginal diets (Jiménez-Aguilar & Grusak, 

2017). Furthermore, important nutrients, including vitamins, minerals, and antioxidants, are 

found in wild and underutilized green plants, which improve diets and economies. Considering 

species differences and developmental stages, increasing their utilization in food systems 

enhances sustainability and nutritional quality while fostering food security (Mila et al., 2024). 

Incorporating a greater variety of leafy greens into regional food systems can help communities 

become more resilient to environmental and economic shocks while also improving the amount 

and quality of their diets. These leafy greens reduce household food insecurity scores by 

mitigating seasonal shortages and diversifying dietary sources due to their affordability, local 

availability, and adaptability to a range of growing circumstances (Ngidi, 2023; Uusiku et al., 

2010a). 

1.1.6.1 Spinach (Spinacia oleracea L.) is widely regarded as a powerhouse of nutrients, 

offering substantial health benefits due to its rich composition of vitamins, minerals, and 

phytochemicals. It is particularly high in iron, calcium, magnesium, and vitamin A, which are 

essential for blood formation, bone health, and immune function. Spinach also contains 

significant levels of antioxidants such as β-carotene, lutein, and zeaxanthin, which help reduce 

oxidative stress and support visual health (Waseem et al., 2021a). Its high protein content and 

fiber levels contribute to satiety and digestive health, making it a valuable component of diets 

aimed at combating malnutrition and chronic diseases in low-resource settings (Waseem et al., 

2021b). 

Spinach is widely recognized as one of the most nutrient-rich green leafy vegetables, offering 

a robust profile of vitamins, minerals, and phytochemicals. It contains high levels of vitamin 

A, vitamin C, folate, iron, calcium, and magnesium, which contribute to its role in supporting 

immune function, bone health, and red blood cell formation (Balasubramaniam et al., 2025; 

Ramaiyan et al., 2020). According to Martirosyan (2025), spinach is considered a functional 
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food due to its abundance of bioactive compounds like carotenoids, flavonoids, and phenolic 

acids, which help regulate oxidative stress and metabolic pathways. These compounds also 

stimulate satiety hormones and reduce food intake, making spinach beneficial in weight 

management and metabolic health. 

Beyond its micronutrient density, spinach exhibits therapeutic properties that make it valuable 

in preventing chronic diseases. Regular consumption of spinach has been linked to anti-cancer, 

anti-obesity, hypoglycemic, and hypolipidemic effects due to its ability to modulate gene 

expression and inhibit inflammatory pathways (Roberts & Moreau, 2016). Spinach-derived 

phytochemicals scavenge reactive oxygen species and reduce oxidative damage, which is 

crucial in preventing age-related diseases such as cardiovascular disorders and type 2 diabetes. 

Its versatility, being consumable raw, cooked, or processed, enhances its accessibility and 

integration into diverse dietary patterns across cultures and seasons (Kim et al., 2022). 

Spinach also plays a strategic role in food security and sustainable agriculture. It is a fast-

growing crop that thrives in temperate climates and can be cultivated year-round, including in 

marginal environments (Singh et al., 2018). A recent study in India highlighted spinach’s 

antibacterial activity and its potential to support nutritional security among smallholder farmers 

(Singh et al., 2024). Its low cost and high yield make it an ideal candidate for addressing 

micronutrient deficiencies in vulnerable populations. Moreover, its adaptability to various 

culinary applications from salads to soups ensures widespread acceptance and utilization, 

reinforcing its importance as a cornerstone of healthy diets. 

1.1.6.2 Cowpea [Vigna unguiculata (L.) Walp.] is a dual-purpose crop used for both its seeds 

and leaves, plays a critical role in food and nutritional security across sub-Saharan Africa. The 

leaves are rich in protein, dietary fiber, potassium, and essential micronutrients such as folate 

and iron. Cowpea leaves also contain bioactive compounds, including flavonoids and phenolic 

acids, which exhibit antioxidant and anti-inflammatory properties (Affrifah et al., 2022). Their 

affordability and adaptability to various agroecological zones make cowpea a strategic crop for 

addressing protein-energy malnutrition and enhancing dietary diversity, especially in rural 

Ugandan communities. 

Cowpea, a legume, is a popular source of high-quality plant protein throughout the world. 

Cowpeas are a significant source of protein and carbohydrates in the human diet, have a low-

fat content compared to other plant foods, and have an amino acid profile that complements 

that of cereal grains. Due to its inherent health-beneficial qualities, including anti-diabetic, anti-

cancer, anti-hyperlipidemic, anti-inflammatory, and anti-hypertensive ones, cowpea has 

recently attracted greater attention from consumers and researchers worldwide. The inclusion 

of substances, including soluble and insoluble dietary fibre, phytochemicals, proteins, and 

peptides in cowpea is credited with the presence of the most confirmed mechanisms among 

those that have been proposed for the protection of chronic diseases (Datta, 2020; Jayathilake 

et al., 2018).  

As a food crop, the cowpea legume is one of the least expensive sources of protein (Moussa 

Mohamadou et al., 2023). Everywhere in the world, people eat legumes as a basic food. They 

are the main protein source in some of the world's least developed nations, but their advantages 

go far beyond their nutritional value. Bioactive substances found in legumes, such as peptides, 

polyphenols, and saponins, have been shown to have biological effects on inflammation, 

hypertension, and antioxidants. Therefore, these substances may offer an alternative to current 

treatments for inflammatory disorders, particularly chronic inflammation found in conditions 
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like cancer, arthritis, and obesity. Alternative medicines made from natural ingredients are 

becoming more popular today (Juárez-Chairez et al., 2020). 

The cowpea is a nutrient-dense food with particularly high protein content. Nutraceutical 

substances, dietary fibre, antioxidants, polyunsaturated fatty acids, and polyphenols are also 

abundant in cowpeas (Carneiro Da Silva et al., 2019a). The cowpea is a legume that is widely 

grown and consumed and is crucial to the nutrition and health of millions of people worldwide. 

The cowpea has a high relative productivity, stable output, and strong resistance to 

environmental challenges like drought, in addition to being healthy and secure (Carneiro Da 

Silva et al., 2021). Additionally, cowpea is economically viable, has little influence on the 

environment, and aids in resource conservation and production system sustainability. When 

compared to other sources of protein, cowpeas are inexpensive, readily available, and safe to 

eat in the majority of areas (Silva et al., 2018). 

The interest in including high proportions of fruits and vegetables in diets has developed as 

people become more aware of the importance of food composition for human health. A rise in 

the consumption of legumes, a sustainable source of vital nutrients, especially affordable 

protein, is particularly relevant for achieving the goal of more balanced diets (Gonçalves et al., 

2016). One of the biggest issues facing agriculture today is how to keep agro-food systems 

sustainable, and the launch of new pulse-based products may present an excellent chance to do 

so. A nutritionally significant crop, cowpeas are unique in that the entire plant, including the 

aerial portion, is edible (Carvalho, et al., 2022). 

1.1.6.3 Amaranth (Amaranthus viridis L.) is a highly nutritious leafy vegetable and pseudo-

cereal known for its resilience and adaptability to marginal soils. Nutritionally, amaranth leaves 

are rich in high-quality protein, calcium, iron, magnesium, and dietary fiber. They also contain 

bioactive compounds such as squalene, tocopherols, and polyphenols, which contribute to 

cardiovascular health and metabolic regulation (Sattar et al., 2024a). Amaranth’s gluten-free 

nature and high antioxidant capacity make it suitable for functional foods and therapeutic diets. 

Its role in climate-resilient agriculture and its cultural relevance in Uganda further underscore 

its importance in sustainable food systems.  

With maize, wheat, and rice making up more than 75% of all grain output, the current levels 

of production of the main basic food crops are insufficient to meet the predicted world food 

needs (Shiferaw et al., 2011). As a result, there is a critical need to investigate alternative 

(underutilized or neglected) crops, like amaranth, that have the potential to be instrumental in 

sustainable agriculture and their application in nutrient-dense food products. With its large 

leaves and flowers, amaranth (Amaranthus spp.) is one of the oldest food crops in existence 

(Rastogi & Shukla, 2013a; Yamini et al., 2025). It is regarded as a clever crop since it can 

withstand heat and drought. Amaranth has a high content of high-quality proteins, fibre, 

minerals, and bioactive substances and is gluten-free (Singh et al., 2024). Popping, flaking, and 

grinding the grains produce flour, which is effective. Amaranthus was identified a few decades 

ago as a highly promising plant genus that may offer superior protein, unsaturated oil, and 

several other beneficial components (D’Amico & Schoenlechner, 2017; Klubicová et al., 2016; 

Toimbayeva et al., 2025). 

Due to its yield potential and nutritional benefits, amaranth, an underutilized crop that is also a 

cheap source of proteins, minerals, vitamin A, and C, appears to be a future crop that can fulfill 

this demand. It has also recently attracted international interest (Rastogi & Shukla, 2013b; 

Yadav & Yadav, 2024). Recent interest in amaranth also stems from its high genetic diversity, 
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phenotypic plasticity, and extreme adaptability to challenging growing environments, 

resistance to heat and drought, lack of significant disease problems, and ranking among the 

easiest plants to grow in agriculturally marginal lands. 

One of the biggest concerns for the security of the world's food supply is the global climatic 

variance brought on by climate change. Additionally, it is estimated that more than 2 billion 

people worldwide experience severe malnutrition, also known as “hidden hunger”. In systems 

adjusting to large-scale climate change, reliance on a small number of crops could result in the 

loss of genetic diversity and high fragility of crop breeding (Howard et al., 2022a). In order to 

address the issues of adaptability to environmental change, biodiversity preservation, and 

improvement of nutrient quality and quantity to ensure food security, it may be helpful to utilize 

underutilized species and genetic resources, also known as orphan crops, like amaranths 

(Magalhães et al., 2024). Additionally, the usage of these substitute crops will contribute to 

enhancing the positive effects on human health (Ivanišová et al., 2021). Orphan crops are 

crucial to the world's food and nutrition security and may help ensure the sustainability of food 

systems in the face of climate change. There is a case for promoting them to sustainably address 

issues such as escalating drought and water scarcity, food and nutrition insecurity, 

environmental degradation, and employment development under climate change due to reports 

of their potential under water shortage (Feyisa, 2022; Mabhaudhi et al., 2019). 

Trends in the food sector are encouraging the substitution of organically derived colourants 

with synthetically manufactured ones in response to rising consumer expectations for healthier 

foods. The majority of natural colourants sold today are anthocyanins, although betalains have 

benefits over anthocyanins. Given their diverse colour patterns and well-known dietary status 

around the world, Amaranthus species make appealing betalain sources. Amaranths as natural 

food colourants have the benefit of complying with U.S. Food and Drug Administration 

regulations as "vegetable juice" colourants when cultivated as leafy vegetables (Celli & 

Brooks, 2017; Howard et al., 2022b). 

One of the key elements affecting a food's reception by consumers is its colour. Because they 

offer a more aesthetically pleasing look and serve as a tool for quality control, synthetic dyes 

are currently the most widely used food colourant in the food business (Silva et al., 2022). 

However, the global movement to replace them with safer and healthier food colourants 

derived from natural resources (plants, microbes, and animals) has quickened due to the 

growing concern about health and the environment linked to toxicity with synthetic food 

colourants (Pereira et al., 2024). Additionally, many of these biocolorants not only provide 

food with a variety of colours but also have biological effects, allowing for their application as 

nutraceuticals in meals and beverages (Thakur & Modi, 2024). 

Due to their appealing health benefits, Amaranthus grains have received a lot of attention. The 

grains contain processing characteristics (such as those linked to starch) that are comparable to 

those of ordinary cereals. Amaranth grains contain a considerable amount of protein and are 

gluten-free. Grain protein has been employed in a variety of food applications, including the 

creation of edible films and emulsions for the slow release of bioactive substances (Adhikary 

et al., 2020; Zhu, 2023). Using various enzymes, the proteins were digested to create peptides 

and hydrolysates that displayed a variety of biological properties, including antioxidant and 

anti-hypertensive effects, among others. For increased nutritional quality, they have been 

integrated into staple meals like bread and pasta. 
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Mankind has long been aware of the advantages plants have for supporting health. Recipes for 

functional foods, medicines, and nutritional supplements are made using preparations from 

these sources. Amaranth is currently generating more scientific and commercial interest. This 

is because of its beneficial biological traits, diverse pharmacological activity, and extensive 

phytochemical composition. Amaranth is a pseudocereal crop with a dual personality that 

combines the qualities of food and a product that promotes health (Baraniak & Kania-

Dobrowolska, 2022; Sattar et al., 2024b). 

1.1.6.4 Collard greens (Brassica oleracea L.) are part of the cruciferous vegetable family and 

are known for their dense nutritional profile. They are particularly rich in calcium, vitamin K, 

and dietary fiber, which support bone health, blood clotting, and digestive function. Collard 

greens also contain glucosinolates, which are precursors to bioactive compounds with 

detoxifying and anti-carcinogenic properties (Canazza et al., 2024a). Their high chlorophyll 

content and retention during cooking make them ideal for nutrient-preserving food 

preparations. As a culturally accepted vegetable in Uganda, collard greens contribute to both 

nutritional adequacy and culinary diversity in local diets. 

Collard greens are recognized as nutrient-dense vegetables, ranking among the most health-

promoting foods globally (Renju et al., 2014), because they contain certain chemicals that may 

greatly lower the risk of colon cancers, cruciferous vegetables are incredibly healthy (Gitau et 

al., 2022). Collard greens have a protective effect against diabetes and can be incorporated into 

a diabetic patient's diet (Kuca et al., 2025). The consumption of orange flesh sweet potato 

greens (SPG), purslane (PL), and collard greens (CG) may reduce the risks for cardiovascular 

disease (CVD) linked to diets high in ω-6:ω-3 fatty acids (Johnson  et al., 2019). Cruciferous 

vegetables are extremely healthy, and some of their ingredients may significantly reduce the 

risk of colon tumors (Lai et al., 2025). 

1.1.7 Research Gap  

Uganda’s agrifood system is undergoing rapid transformation driven by urbanization, 

population growth, land fragmentation, and shifting dietary needs. Furthermore, Uganda faces 

high rates of micronutrient deficiencies, especially among children and women. Indigenous 

vegetables like amaranth, spinach, collard and cowpea are rich in vitamins and minerals, but 

their nutritional potential is underutilized. Understanding how soilless systems and fertilizer 

types affect nutrient density can help improve dietary diversity and combat malnutrition. 

While there have been extensive investigations into soilless growing media and nutrient 

management, significant gaps remain in understanding the complex interactions between 

substrate composition and fertilizer efficiency, particularly regarding their combined effects on 

plant morphological traits such as shoot height, leaf number, and leaf length. Moreover, while 

yield and resource use efficiency in soilless systems have been well documented, the nutrient 

profiles of crops, especially indigenous leafy vegetables commonly consumed in Uganda, 

including amaranth, cowpea, collard and spinach under these conditions, is inadequately 

explored. Critical knowledge is lacking on how different potting media compositions and 

fertilizer types influence the nutrient profiles, including protein, carbohydrate, crude fiber, and 

micronutrient content, of these leafy vegetables. Furthermore, the environmental sustainability 

implications of substrate-fertilizer combinations remain under-researched, especially their 

long-term impacts on resource conservation, waste reduction, and ecological footprint within 

Ugandan agricultural contexts. 
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Further research is therefore needed to assess the nutrient composition of leafy vegetables 

grown in various soilless media under different fertilizer regimes. Such studies would provide 

practical guidance for smallholder farmers and urban growers, supporting strategies that 

enhance both productivity and nutritional value, and ultimately contribute to improved food 

security, dietary diversity, and poverty reduction. 

1.2 Problem Statement 

Uganda faces escalating challenges in achieving sustainable and nutritious food production due 

to land degradation, urbanization, and limited access to synthetic agricultural inputs. While 

soilless farming systems offer promising alternatives for smallholder and urban growers, there 

is a critical lack of empirical data on how different substrate compositions and fertilizer 

regimes, particularly organic versus inorganic, affect the growth and nutrient content of leafy 

vegetables. Existing research has largely focused on yield and soil fertility, neglecting the 

complex interactions between substrate-fertilizer combinations and their influence on plant 

morphology, nutrient density. 

This knowledge gap limits the development of integrated, context-specific strategies that could 

enhance food security, dietary diversity, and environmental sustainability within Uganda’s 

agrifood system. Without localized evidence on the nutritional outcomes and ecological 

impacts of soilless vegetable production, farmers and policymakers lack the tools to make 

informed decisions that align with national goals for climate resilience and public health. 

Addressing this problem is essential for transforming Uganda’s agrifood system into one that 

is productive, nutritious, and environmentally sound. 

 

1.3 Objectives of the study 

1.3.1 Main Objective 

To determine the nutritive profiles of selected leafy vegetables grown in soilless growing media 

enriched with organic fertilizer (Tithonia leaf powder) and inorganic fertilizer. 

1.3.2 Specific Objectives 

The study was guided by the following specific objectives: 

i. To investigate the effects of soilless growth media enriched with organic and inorganic 

fertilizers on the nutritive profiles of selected leafy vegetables. 

ii. To compare the nutritive profiles of selected leafy vegetables grown in enriched soilless 

media with those grown under soil-based conventional agronomic practices 

iii. To determine the effect of different proportions of soilless growth media on the growth 

and yield performance and nutrient content of selected leafy vegetables. 
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1.4 Hypotheses of the study 

Effect of soilless growth media enriched with fertilizers on the nutritive profile 

H₀₁ (Null): Soilless growth media enriched with fertilizers have no statistically 

significant effect on the nutritional profile of leafy vegetables. 

H₁₁ (Alternative): Soilless growth media enriched with fertilizers have a statistically 

significant effect on the nutritional profile of leafy vegetables. 

Comparison between soilless and conventional soil-based systems 

H₀₂ (Null): There are no statistically significant differences in the nutritional profile of 

leafy vegetables grown in soilless growth media compared to those grown under 

conventional soil-based systems. 

H₁₂ (Alternative): There are statistically significant differences in the nutritional 

profile of leafy vegetables grown in soilless growth media compared to those grown 

under conventional soil-based systems. 

Effect of different proportions of soilless media on growth of leafy vegetables 

H₀₃ (Null): Different proportions of soilless media have no statistically significant 

effect on growth and yield performance of leafy vegetables. 

H₁₃ (Alternative): Different proportions of soilless media have a statistically 

significant effect on growth and yield performance of leafy vegetables. 

 

1.5 Significance of the Study 

The findings of this study provided practical approaches for cultivating leafy vegetables using 

soilless growing media in combination with organic fertilizers, with the aim of enhancing their 

nutritional quality. The research identified an organic fertilizer option, Tithonia leaf powder 

that offered potential to reduce vegetable production costs while minimizing reliance on 

synthetic inputs and mitigating environmental pollution. 

In addition, the study demonstrated possible ways of utilizing coffee husks, an agricultural 

by-product that has historically posed environmental management challenges in areas with high 

coffee production. By incorporating coffee husks into soilless media, the research contributed 

to waste valorization and promoted environmentally sustainable farming practices. The 

outcomes are expected to benefit smallholder farmers, urban growers, policymakers, and other 

stakeholders seeking to improve vegetable production systems, strengthen food and nutrition 

security, and advance sustainable agriculture in Uganda and similar contexts. 
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1.6 Justification of the Study 

Soilless cultivation offers a viable solution to the challenge of diminishing arable land, as it 

enables plants to access essential nutrients directly from a formulated nutrient solution without 

the need for extensive root systems. This method optimizes space use, enhances nutrient uptake 

efficiency, and supports crop production in areas where soil quality or availability is limited. 

Globally, fertilizer prices have risen at a rate exceeding that of food prices, a trend exacerbated 

by the effects of the COVID-19 pandemic and other global disruptions, including increased 

natural gas prices. These factors have disrupted fertilizer production and exports, reduced 

supply, and driven up costs, thereby threatening agricultural productivity and food availability. 

According to the FAO report (FAO, 2021b), high fertilizer prices risk transforming the current 

food affordability crisis into a food availability crisis, with millions of people unable to access 

healthy diets, leading to food insecurity and various forms of malnutrition. This situation 

underscores the need for systemic approaches that link short-term recovery to long-term 

transformation, including diversification of domestic food production. 

Micronutrient deficiencies, often referred to as “hidden hunger”, are a major contributor to 

increased susceptibility to infectious diseases, higher morbidity and mortality rates, and 

long-term disabilities such as cognitive impairment (IFPRI, 2016). Leafy vegetables, being 

nutrient-dense and rich in essential vitamins and minerals, can play a pivotal role in strategies 

aimed at reducing poverty, hunger, and malnutrition. 

However, contemporary agricultural practices, which in some cases involve the excessive and 

indiscriminate use of chemical fertilizers and pesticides, can pose significant risks to both 

human health and the environment. Such practices can lead to the accumulation of harmful 

residues in the food chain (Ganguly & Banerjee, 2025). This study is therefore justified in 

exploring sustainable alternatives, specifically the use of soilless growing media enriched with 

organic fertilizers to improve the nutritional quality of leafy vegetables, reduce production 

costs, and mitigate environmental pollution. 

1.7 Contextual Relevance  

In Uganda, where agriculture is dominated by smallholder farmers cultivating on increasingly 

fragmented plots, the challenges of declining soil fertility, limited access to affordable 

fertilizers, and vulnerability to climate variability are acute. Rising global fertilizer prices 

further constrain input use, exacerbating low productivity and poor dietary diversity in rural 

households. Introducing soilless cultivation systems enriched with locally available organic 

resources, such as Tithonia leaf powder and coffee husks, offers a practical, low-cost, and 

environmentally sustainable alternative. Such innovations have the potential to improve the 

nutritional quality of leafy vegetables, reduce dependence on costly synthetic inputs, and create 

value from agricultural by-products, directly addressing the intertwined issues of food 

insecurity, malnutrition, and rural poverty in Uganda’s smallholder farming context. 

1.8 Scope of the Study 

This study was conducted in a greenhouse to evaluate the growth performance and nutritive 

profiles of four leafy vegetable species: spinach (Spinacia oleracea L.), cowpea [Vigna 

unguiculata (L.) Walp.], amaranth (Amaranthus viridis L.), and collard greens (Brassica 
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oleracea L.). The vegetables were cultivated in soilless growing media composed of varying 

proportions of charcoal dust and coffee husks. Three fertilizer treatments were applied: i) 

organic fertilizer (Tithonia leaf powder), ii) inorganic fertilizer, and iii) a control with no 

fertilizer application. 

The research focused on assessing the effects of both the type of fertilizer and the proportion 

of soilless media on plant growth parameters and nutritional composition, including mineral 

and vitamin content. The scope was limited to the production stage under controlled 

greenhouse conditions at the Department of Horticulture, Bukalasa Agricultural College, 

Wobulenzi, Luweero, Uganda (Lat. 0.71322, Long. 32.51444) and findings are therefore most 

applicable to similar agro-ecological and controlled-environment contexts. Post-harvest 

handling, storage, processing, and market chain analysis were outside the scope of this study. 

1.9 Limitations of the Study 

• Controlled environment: Conducted in a greenhouse, which may not fully replicate 

open-field conditions; results may vary under natural environmental stresses. 

• Geographical specificity: Limited to a single research site, restricting generalizability 

to other regions with different climates or soils. 

• Crop selection: Focused on four leafy vegetable species; findings may not apply to 

other crops. 

• Time frame: Based on one growing cycle, which may not capture seasonal variations. 

• Nutrient analysis scope: Concentrated on selected nutritional parameters; other quality 

attributes, such as phytochemical profiles or sensory properties, were not assessed. 

1.10 Conceptual Framework 

The conceptual framework was built on the premise that the type of soilless medium 

(proportion of charcoal dust to coffee husk) and the type of fertilizer (organic, inorganic, or 

none) are the main independent variables influencing the growth performance and nutritional 

quality of leafy vegetables. These factors affect nutrient availability and uptake, which in turn 

determine plant biomass and the concentration of essential vitamins and minerals in edible 

leaves. 

Independent Variables: 

• Proportion of charcoal dust: coffee husk in soilless media 

• Fertilizer type (organic, inorganic, control) 

Dependent Variables: 

• Growth parameters (plant height, leaf number, biomass) 

• Nutritional composition (Proximate composition crude protein, crude fat, crude fibre, 

total carbohydrates, total ash) 

Controlled Factors: 

• Greenhouse environmental conditions (temperature, humidity, light) 

• Irrigation/watering schedule 

• Pest and disease management 
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Expected Relationship: Optimized combinations of soilless growing media proportions and 

fertilizer type are expected to enhance both growth and nutritional quality of leafy vegetables, 

while promoting sustainable use of agricultural by-products such as charcoal dust and coffee 

husk.  

Independent variables  Dependent variables 
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Source: Designed by the researcher 
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Figure 2:Conceptual framework to guide the research study 
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1.11 Definition of Terms 

For the purpose of this study, the following terms are defined as they are used in the research: 

• Soilless Growing Media – A plant growth substrate that does not contain natural soil, 

composed in this study of varying proportions of charcoal dust and coffee husk, used 

to support plant roots and supply nutrients through applied fertilizers. 

• Charcoal Dust – Fine particulate residue from charcoal production, used here as a 

component of soilless media to improve aeration and drainage. 

• Coffee Husk – The dry outer covering of coffee beans removed during processing, 

utilized in this study as an organic component of soilless media and as a means of 

recycling agricultural waste. 

• Organic Fertilizer – A plant nutrient source derived from natural materials; in this 

study, Tithonia [Tithonia diversifolia (Hemsl.) A. Gray] leaf powder was used for its 

high nutrient content and potential to improve soil-less media fertility. 

• Inorganic Fertilizer – A commercially manufactured, mineral-based fertilizer applied 

in this study as a comparative nutrient source to organic fertilizer. 

• Control (No Fertilizer) – Experimental treatment in which no fertilizer was applied, 

serving as a baseline for comparing the effects of organic and inorganic fertilizers. 

• Leafy Vegetables – Edible plants whose leaves are consumed as food; in this study, 

spinach (Spinacia oleracea L.), cowpea [Vigna unguiculata (L.) Walp.], amaranth 

(Amaranthus viridis L.), and collard greens (Brassica oleracea L.) were evaluated. 

• Nutritional Profile – The composition of essential nutrients in the edible leaves of the 

vegetables, including minerals, vitamins, and other relevant nutritional parameters 

measured in this study. 

• Growth Performance – The measurable physical development of plants, including 

parameters such as plant height, number of leaves, and biomass yield.  

• Greenhouse – A controlled environment structure used in this study to regulate 

temperature, humidity, and light for optimal plant growth and to minimize external 

environmental variability. 

• Tithonia [Tithonia diversifolia (Hemsl.) A. Gray]- In this thesis, the names Tithonia, 

Mexican sunflower, and Tithonia diversifolia L. are used interchangeably to refer to the 

same plant species. This species was applied as an organic fertilizer treatment in the 

experiments. 

•  Nutrient Content / Nutrient Quality / Nutrient Composition / Nutritive Profiles 

These terms are used synonymously throughout the thesis to denote the measured 

nutrient content of the leafy vegetables studied. Parameters include crude protein, 

carbohydrate, fibre, ash, fat, dry matter, and iron. 

•  
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1.12. List of Abbreviations 
 

Abbreviation Full term description 

%  Percentage (used for nutrient composition) 

ANOVA  Analysis of Variance 

AOAC Association of Official Analytical Chemists (standard methods for food 

and agriculture analysis) 

CEC  Cation Exchange Capacity: The total capacity of a soil or substrate to 

hold exchangeable cations. 

DM  Dry Matter 

EC Electrical Conductivity 

FAO  Food and Agriculture Organization of the United Nations 

FR1 Fertilizer Treatment 1 (Organic) 

FR2 Fertilizer Treatment 2 (NPK – Nitrogen, Phosphorus, Potassium) 

FR3 Fertilizer Treatment 3 (No fertilizer) 

GM1 Treatment 1 (2:1 charcoal dust: coffee husks) 

GM2 Treatment 2 (1:1 charcoal dust: coffee husks) 

GM3 Treatment 3 (1:2 charcoal dust: coffee husks) 

Ha Hectare 

H₀  Null Hypothesis 

H₁ Alternative Hypothesis 

HSD Honestly Significant Difference (Tukey’s test) 

kg ha⁻¹ kilograms per hectare (fertilizer or yield application rate) 

mg 100g⁻¹ milligrams per 100 grams 

µg micrograms 

Mg ha⁻¹ Megagrams per hectare (equivalent to tonnes per hectare, yield 

measurement) 

NPK Nitrogen, Phosphorus, Potassium (common inorganic fertilizer 

formulation) 

t ha⁻¹ Tonnes per hectare (yield or application rate)  
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CHAPTER 2. MATERIALS AND METHODS 

This chapter outlines the methodological framework employed to investigate the effects of 

fertilizer regimes and soilless media compositions on the morphological traits and nutrient 

profiles of selected leafy vegetables. Given the growing interest in sustainable agriculture and 

the need for nutrient-rich vegetables in Uganda, a controlled experimental approach was 

adopted to generate reliable, reproducible data under standardized conditions. The study was 

conducted in a greenhouse to minimize environmental variability and isolate the effects of 

media and fertilizer treatments.  

A split-plot design was selected to efficiently examine the interaction between potting media 

ratios and fertilizer types across the selected vegetable species. This design allowed for robust 

statistical analysis while maintaining experimental control. Four leafy vegetables: spinach 

(Spinacia oleracea L.), cowpea [Vigna unguiculata L.) Walp.], amaranth (Amaranthus viridis 

L.), and collard (Brassica oleracea L. var. acephala), were chosen based on their nutritional 

importance and adaptability to greenhouse cultivation. Each crop was grown in three soilless 

media formulations composed of charcoal dust and coffee husk, and subjected to three fertilizer 

regimes: organic Tithonia [Tithonia diversifolia (Hemsl.) A. Gray)], inorganic (NPK 

15:15:15), and a control with no fertilizer.  

In addition to the greenhouse experiment, a comparative study was conducted using peer-

reviewed literature to benchmark the nutrient composition of soil-grown counterparts. This 

dual approach, experimental and comparative, provided a comprehensive understanding of 

how cultivation systems influence the nutritional quality of leafy vegetables. 

The following sections detail the experimental design, materials used, planting procedures, 

growing conditions, fertilizer application rates, nutrient analysis techniques, quality control 

measures, statistical tools employed to analyze the data and comparative nutritional 

benchmarking. 

2.1 Experimental site and design description 

This study was conducted in a controlled greenhouse environment at the Department of 

Horticulture, Bukalasa Agricultural College, Wobulenzi, Luweero, Uganda (Lat. 0.71322, 

Long. 32.51444), to evaluate the effects of different fertilizer types and soilless potting media 

on the nutrient composition of selected leafy vegetables. The greenhouse provided a regulated 

setting that minimized external influences such as soil variability, pests, and extreme weather 

conditions, thereby ensuring that observed treatment effects could be attributed primarily to the 

experimental factors. The experimental design employed a split-plot layout with four 

replications, a methodological choice driven by both the hierarchical nature of the treatments 

and the need for efficient resource allocation. In this study, the potting media ratios (charcoal 

dust: coffee husks) represented the main plot factor, while fertilizer regimes constituted the 

subplot factor. A split-plot design was more appropriate than a randomized complete block 

design because the main plot treatments required larger, more uniform experimental units to 

minimize variability in substrate preparation and application. By contrast, fertilizer treatments 

could be applied more flexibly and uniformly within smaller subplots nested inside each main 

plot. This hierarchical structuring allowed for precise estimation of both main effects and 

interaction effects, while reducing logistical complexity and experimental error. Furthermore, 

the split-plot design enhanced statistical reliability by accommodating the differential precision 
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with which the two factors could be applied and measured. In an RCBD, all treatment 

combinations would need to be randomized across blocks at the same scale, which would have 

imposed impractical demands on substrate preparation and increased the risk of confounding 

variability. The split-plot approach therefore provided a balance between experimental control 

and operational feasibility, ensuring that the larger-scale potting media treatments were applied 

consistently, while still allowing rigorous testing of fertilizer regimes within each block. 

This design also improved efficiency in terms of resource use, as it reduced the number of 

large-scale substrate preparations required, while still maintaining replication and 

randomization at both the main plot and subplot levels. By structuring the experiment in this 

way, the study was able to generate statistically valid comparisons of both factors and their 

interactions, without compromising the integrity of the greenhouse environment or 

overextending available resources. In sum, the split-plot design was deliberately selected over 

a randomized complete block design because it aligned with the practical realities of substrate 

preparation and fertilizer application, while simultaneously strengthening the statistical validity 

of the analysis. This methodological choice ensured that the research outcomes were both 

reproducible and robust, reflecting a careful balance between theoretical rigor and experimental 

feasibility. 
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Figure: 3 Layout of the Experiment (Replications, Main Plots GMx, Subplots FRx) 

 

Source: Designed by the researchers 
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2.1.2 Soilless potting media 

A combination of charcoal dust (CD) and coffee husks (CH) was used in varying proportions 

to formulate the soilless media. Three different ratios were prepared: CD: CH = 2:1, 1:1, and 

1:2. These materials were selected due to their high organic matter content, excellent aeration 

properties, and potential to enhance nutrient retention, making them suitable alternatives to 

conventional soil-based media. Charcoal dust provides structural support and helps retain 

essential nutrients, while coffee husk contributes organic matter that supports microbial activity 

and promotes plant health. In line with the study’s objective of assessing functional 

performance, charcoal dust and coffee husk were utilized in their natural state, and particle size 

distribution was not characterized.  

 

2.1.3 Fertilizer regimes  

Two types of fertilizer were applied to assess their effects on the nutrient composition of the 

selected leafy vegetables. 

i. Organic fertilizer  

The organic fertilizer was derived from fresh tithonia [Tithonia diversifolia 

(Hemsl.) A.Gray)] leaves, a fast-growing plant known for its high nitrogen content. 

Young, tender leaves were harvested, chopped, and sun-dried before being 

incorporated into the potting media as an organic fertilizer. Tithonia is valued as an 

organic soil amendment for its ability to release nutrients gradually, thereby 

improving long-term soil fertility. Leaf nitrogen concentrations typically range 

between 3–4%, which is relatively high compared to many other organic inputs, 

although values may vary depending on growing conditions and plant maturity.  

 

 

ii. Inorganic Fertilizer 

A commercial NPK (15:15:15) fertilizer was applied at recommended rates for leafy 

vegetables. This synthetic fertilizer provides a balanced supply of Nitrogen, 

Phosphorus, and Potassium nutrients essential for plant growth, leaf development, 

and overall crop productivity. 

A control treatment (FR3) was also included, in which no fertilizer was applied. This allowed 

for a clear comparison of the effects of the two fertilizer types on the growth and nutrient 

composition of the leafy vegetables.  

2.2 Selected vegetables 

Four different leafy vegetable species were selected based on their nutritional value, local diet 

and preferences in Uganda, commercial importance, and adaptability to greenhouse cultivation: 

cowpeas [Vigna unguiculata (L.) Walp, green amaranth (Amaranthus viridis L.), collard 

(Brassica oleracea L.) and spinach (Spinacia oleracea L.). 

2.3 Seed Sourcing and Planting 

Certified seeds were bought from a reputable agricultural input supplier and supplemented with 

seeds sourced from the Department of Horticulture at Bukalasa Agricultural College. The seeds 

of cowpeas and amaranth were sown directly into the prepared potted media under controlled 

conditions, while collard and spinach were first raised in nursery trays within the greenhouse 

and later transplanted into pots with soilless growth media. 
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2.4 Growing Conditions 

All leafy vegetables were grown in a greenhouse, ensuring consistent temperature and humidity 

levels conducive to plant growth. The controlled environment minimized external factors such 

as excessive rainfall or soil-borne diseases, allowing for a more accurate assessment of 

treatment effects. Temperatures ranged between 25 °C and 28 °C throughout the experiment, 

while relative humidity remained between 60% and 80%, providing optimal moisture 

conditions for plant development, while at the same time avoiding the proliferation of fungal 

diseases. The vegetables were watered twice daily (morning and evening) using a watering can 

to maintain adequate moisture levels in the growing media. 

2.5 Fertilizer Application 

2.5.1 Organic Fertilizer Application 

Organic fertilizer was applied at a rate of 3 Mg ha-1 (300 g m-2). It was thoroughly 

mixed with the potting media before planting to allow for decomposition and 

gradual nutrient release.  

 

2.5.2 Inorganic Fertilizer Application 
Inorganic fertilizer (NPK 15:15:15) was applied at a rate of 200 kg ha-1 (20 g m-2), 

thus providing 30 kg ha-1 of each nutrient. For amaranths and cowpeas, it was 

incorporated into the potting media before planting. For collards and spinach, the 

fertilizer was applied at transplanting to minimize nutrient leaching and optimize 

uptake. 

 

2.6 Nutrient Content Analysis and Yield determination 

Each selected vegetable was hand-harvested, weighed to determine its fresh weight, and 

promptly transported to the laboratory for analysis. Nutritional composition was assessed using 

proximate analysis, following standardized methods established by the (Association of Official 

Analytical Chemists, 2000), to ensure precision and comparability with existing literature. The 

parameters evaluated included moisture content, crude protein (via total nitrogen 

determination), and crude fat (by ether extraction). Total ash content was determined through 

furnace incineration, while total carbohydrates were calculated by difference. Crude fiber was 

quantified using sequential acid and alkaline digestion. Yield was assessed using dry matter 

weight, obtained after oven-drying samples to constant weight. Dry matter was selected as the 

basis for yield determination to avoid variability caused by moisture content.  

 

2.7 Quality Control Measures 

To ensure data reliability and uphold research rigor, multiple quality control measures were 

implemented. Each treatment was replicated four times to minimize experimental variability. 

Planting density was standardized per species: three plants per pot for cowpeas, five for 

amaranths, and one each for spinach and collard. All experimental protocols adhered to 

Association of Official Analytical Chemists (AOAC) International standards and agronomic 

best practices. These quality assurance protocols strengthened the reliability and 

reproducibility of the findings, enhancing their relevance for future agricultural applications. 
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2.8 Statistical Analysis 

To evaluate the effects of fertilizer type, potting media, and their interaction, both descriptive 

and inferential statistical methods were applied. A two-way analysis of variance (ANOVA) 

was performed to determine the significance of the main factors and their interaction. Where 

significant differences were detected, Tukey’s Honest Significant Difference (HSD) post-hoc 

test was employed to identify significant differences among treatment means. All statistical 

analyses were performed using R software. 

 

2.9 Comparative Nutritional Benchmarking 

In addition to the greenhouse experiment, a comparative study was conducted to evaluate the 

nutritional profiles of leafy vegetables grown in soilless media versus those cultivated under 

conventional soil-based agronomy. The objective was to benchmark the nutrient composition 

of spinach (Spinacia oleracea L.), cowpea [Vigna unguiculata L. Walp.], amaranth 

(Amaranthus viridis L.), and collard (Brassica oleracea L.) across different cultivation 

systems. Peer-reviewed literature was systematically reviewed using academic databases such 

as Google Scholar, ResearchGate, SpringerLink, and MDPI. Search terms included “soil-

grown leafy vegetables,” “nutrient composition,” “organic vs. inorganic fertilizer,” and 

“soilless vs. soil-based systems.” Studies were selected based on clear documentation of 

fertilizer treatments, standardized nutrient reporting (per 100g dry weight), and robust 

statistical analysis. Nutrient parameters extracted included crude protein, carbohydrate, fiber, 

fat, ash, dry matter, and iron. Data were standardized and organized into comparative tables, 

categorizing each vegetable by treatment type (organic or inorganic) and cultivation system 

(soilless or soil-based). This approach enabled a reliable comparison of nutritional outcomes 

and helped contextualize the experimental findings within broader agronomic practices.  
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CHAPTER 3: RESULTS AND DISCUSSION 

This chapter presents and interprets the findings derived from the greenhouse experiment and 

comparative analysis outlined in Chapter 2. The results focus on the morphological traits and 

nutrient profiles of four leafy vegetables: spinach, cowpea, amaranth, and collard, grown under 

varying fertilizer regimes and soilless medium compositions. The data are organized to 

highlight the influence of organic and inorganic fertilizers, as well as the effect of media ratios 

composed of charcoal dust and coffee husks. Morphological traits such as shoot height, leaf 

count, and leaf length are examined to assess vegetative vigor and growth performance. 

Nutritional parameters, including crude protein, carbohydrate, fiber, fat, ash, dry matter, and 

iron content, are analyzed to evaluate the dietary value of the crops. In addition to experimental 

results, this chapter integrates findings from a comparative study of soil-grown leafy vegetables 

sourced from peer-reviewed literature. This benchmarking provides context for evaluating the 

performance of soilless systems relative to conventional soil-based cultivation. The discussion 

interprets these results in light of existing research, agronomic principles, and the broader goal 

of promoting sustainable vegetable production in Uganda. Emphasis is placed on identifying 

optimal combinations of fertilizer and medium that enhances both yield and nutritional quality, 

with implications for food security, resource efficiency, and climate-resilient agriculture. 

 

3.0 Results 

3.1 Effects of organic and inorganic fertilizers on yield and nutrient composition 

of leafy vegetables grown in soilless potting mixes 
Consistent with the methodological approach, yield was determined using dry matter 

measurements. The results section therefore presents treatment comparisons based on dry 

matter yield. 

3.1.1 Yield of leafy vegetables 

In this thesis, yield was expressed on a dry weight basis to minimize variability caused by water 

content and to provide a more accurate measure of nutrient accumulation. While fresh weight 

is commonly reported in market-oriented studies, dry yield was selected here to better reflect 

the agronomic impact of the treatments  

The effects of fertilizer enrichment across three soilless growth media (GM1: 2:1, GM2: 1:1, 

GM3: 1:2 charcoal dust to coffee husks) were evaluated on the yield and dry matter content of 

four leafy vegetables. Fertilizer treatments included FR1 (organic fertilizer derived from 

Tithonia diversifolia), FR2 (inorganic NPK), and FR3 (control with no fertilizer). Results 

revealed crop-specific responses to both media composition and fertilizer type (Table 4) 
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Table 3: Crop-specific responses to growth media composition and fertilizer type 

Crop Media (CD:CH) Fertilizer Type Dry Matter (%) Yield (t·ha⁻¹) 

Spinach GM3 (1:2) FR2 (NPK) 
94.5 

7.524 

Spinach GM3 (1:2) FR1 (Organic) 93.2 7.381 

Spinach GM3 (1:2) FR3 (Control) 92.8 7.358 

Cowpea  GM2 (1:1) FR1 (Organic) 
87.06 

6.932 

Cowpea  GM2 (1:1) FR2 (NPK) 78.5 6.773 

Cowpea  GM2 (1:1) FR3 (Control) 85.3 6.847 

Amaranth GM3 (1:2) FR1 (Organic) 
90.46 

7.202 

Amaranth GM3 (1:2) FR2 (NPK) 89.8 7.141 

Amaranth GM3 (1:2) FR3 (Control) 89.0 7.171 

Collard GM2 (1:1) FR2 (NPK) 
91.46 

7.282 

Collard GM2 (1:1) FR1 (Organic) 89.3 7.207 

Collard GM2 (1:1) FR3 (Control) 84.93 7.205 

Note: Yield values are reported as dry matter yield (t·ha⁻¹), calculated from oven-dried samples 

to constant weight. This approach excludes variability due to moisture content and reflects the 

actual biomass productivity of the crops. 

Spinach recorded the highest yield (7.524 t·ha⁻¹) in GM3 enriched with FR2, followed closely 

by FR1 (7.381 t·ha⁻¹) and the control (7.358 t·ha⁻¹). Cowpea greens achieved peak yield (6.932 

t·ha⁻¹) in GM2 with FR1, outperforming both FR2 and the control. Amaranth exhibited 

minimal yield variation, with the highest value (7.202 t·ha⁻¹) in GM3 with FR1. Collard 

attained its maximum yield (7.282 t·ha⁻¹) in GM2 with FR2. The dry matter content ranged 

from 78.5% (cowpea greens under FR2) to 94.5% (spinach under FR2), indicating treatment-

specific physiological responses. Percentage yield increases relative to the control were modest 

but consistent in spinach and collard under FR2, and in cowpea greens and amaranth under 

FR1 (Table 5). Notably, cowpea greens under FR2 showed a slight yield reduction (–1.08%), 

suggesting potential suppression of biological nitrogen fixation. 

Table: 4 Percentage yield increases relative to the control 

Crop Media (CD:CH) Fertilizer type 
% Yield increase 

versus control 

Spinach GM3 (1:2) FR2 (NPK) +2.26% 

Spinach GM3 (1:2) FR1 (Organic) +0.31% 

Cowpea Greens GM2 (1:1) FR1 (Organic) +1.24% 

Cowpea Greens GM2 (1:1) FR2 (NPK) –1.08% 

Amaranth GM3 (1:2) FR1 (Organic) +0.43% 

Amaranth GM3 (1:2) FR2 (NPK) –0.42% 

Collard GM2 (1:1) FR2 (NPK) +1.07% 

Collard GM2 (1:1) FR1 (Organic) +0.03% 
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Spinach 

 

 

Figure 4:  Spinach yield performance across three soilless media proportions and 

fertilizers. 

The highest spinach yield (7.524 t·ha⁻¹) was recorded in the 1:2 charcoal dust: coffee husks 

media proportion with NPK fertilizer. This exceeded both the control (7.358 t·ha⁻¹) and organic 

fertilizer (7.381 t·ha⁻¹) treatments. Other media ratios (2:1 and 1:1) yielded slightly lower 

averages (~7.39 t·ha⁻¹). Dry matter content remained consistently high (92–94.5%) across 

treatments. 
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 Cowpea Greens 

 

Figure 5:  Cowpea yield variations across media proportions and different fertilizers 

Maximum yield (6.932 t·ha⁻¹) was achieved in the 1:1 media with organic fertilizer, 

outperforming both NPK (6.773 t·ha⁻¹) and control (6.847 t·ha⁻¹) in the same substrate. The 

lowest yield (6.250 t·ha⁻¹) occurred in the 2:1 media with NPK. Dry matter content ranged 

from 78.5% to 87.06%. 
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 Amaranth 

 

Figure 6:  Amaranth yield stability across media proportions and fertilizers 

Yield variation was minimal (0.9%), with the highest yield (7.202 t·ha⁻¹) in the GM3 (1:2) 

media with organic fertilizer. Control (7.171 t·ha⁻¹) and NPK (7.141 t·ha⁻¹) treatments yielded 

comparably. Dry matter content remained stable (89–90.46%). 

 

 Collard 

 

Figure 7:  Collard yield distribution across media proportions and fertilizers  
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The highest yield (7.282 t·ha⁻¹) was observed in the 1:1 media with NPK, slightly exceeding 

the control (7.205 t·ha⁻¹) and organic fertilizer (7.207 t·ha⁻¹). However, an anomalously low 

yield (6.762 t·ha⁻¹) was also recorded under NPK in the same media. Dry matter content ranged 

from 84.93% to 91.46%. 

Yield response to growth media and fertilizer treatments 

ANOVA Summary  

Source Df Sum Sq Mean Sq F value Pr(>F) 

Growth media 2 18.7 9.35 0.62 0.546 

Fertilizer type 2 12.4 6.20 0.41 0.667 

Growth media × Fertilizer 4 21.6 5.40 0.36 0.834 

Residuals 24 356.9 14.87 — — 

 

 Two-way ANOVA revealed that growth media, fertilizer type, and their interaction did not 

significantly affect yield (p > 0.05). However, vegetable type accounted for substantial 

variation, with spinach consistently producing higher yields (7.524 t·ha⁻¹) compared to collard, 

cowpea, and amaranth. These findings suggest that inherent crop characteristics exert a 

stronger influence on yield than the tested media and fertilizer regimes, although observed 

trends indicate that GM3 combined with NPK fertilizer tended to support slightly higher yields 

in spinach and amaranth.
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3.1.2 Nutrient composition of leafy vegetables  

While nutrient composition is often expressed on a fresh weight basis to reflect dietary relevance, in this thesis values were reported on a dry 

matter basis to ensure accurate comparison across treatments, given the variability in moisture content. 

Table 5: Mean nutrient Composition of spinach leaves under different treatments 

Source of variation 

Dry 

Matter 

(%) 

Total Ash 

(%) 

Crude 

Fibre (%) 

Crude Fat 

(%) 

Crude Protein 

(%) 

Total 

Carbohydrate 

(%) 

Iron 

(mg/100g) 

Main factor:  

Soilless medium 
       

GM1 (2:1) 92.83ᶜ 24.72ᵃᵇ 6.81ᵇ 7.39ᵇ 23.91ᵇ 30.67ᵃ 0.03ᵃᵇ 

GM2 (1:1) 92.84ᶜ 24.62ᵃᵇ 6.99ᵃᵇ 6.83ᵇ 23.98ᵇ 30.42ᵃ 0.02ᵇᶜ 

GM3 (1:2) 93.21ᵃ 24.42ᵇ 7.46ᵃ 9.97ᵃ 26.06ᵃ 25.30ᶜ 0.02ᵇᶜ 

Secondary Factor:  

Fertilizer Type 
       

FR1 (Organic) 92.76ᶜ 25.08ᵃ 7.51ᵃ 7.17ᵇ 22.47ᶜ 29.86ᵃ 0.02ᵇᶜ 

FR2 (NPK) 93.20ᵃ 24.71ᵃᵇ 6.49ᶜ 9.15ᵃ 27.03ᵃ 25.83ᶜ 0.03ᵃᵇ 

FR3 (None) 92.92ᵇᶜ 23.97ᵇ 7.26ᵃᵇ 7.21ᵇ 23.79ᵇ 30.69ᵃ 0.02ᵇᶜ 

Interaction:  

Soilless Medium × Fertilizer Type 
       

GM1 + FR1 (2:1 + Organic) 92.00ᶜ 24.50ᵃᵇ 7.46ᵃ 6.50ᵈ 19.44ᵈ 34.09ᵃ 0.04ᵃ 

GM1 + FR2 (2:1 + NPK) 92.65ᵇᶜ 25.00ᵃ 6.00ᶜ 9.00ᵇ 27.95ᵃ 24.70ᶜ 0.03ᵃᵇ 

GM1 + FR3 (2:1 + None) 93.84ᵃ 24.66ᵃᵇ 6.96ᵃᵇ 6.67ᵈ 22.35ᶜ 33.21ᵃᵇ 0.02ᵇᶜ 

GM2 + FR11 (1:1 + Organic) 93.56ᵃ 25.74ᵃ 7.37ᵃ 5.50ᵉ 22.10ᶜ 32.86ᵃᵇ 0.02ᵇᶜ 

GM2 + FR2 (1:1 + NPK) 92.46ᵇᶜ 25.63ᵃ 6.47ᵇᶜ 7.50ᶜ 25.52ᵃᵇ 27.35ᵇᶜ 0.01ᶜ 

GM2 + FR3(1:1 + None) 92.50ᵇᶜ 22.50ᶜ 7.14ᵃᵇ 7.50ᶜ 24.31ᵇ 31.05ᵇᶜ 0.02ᵇᶜ 

GM3 + FR1 (1:2 + Organic) 92.71ᵇᶜ 25.00ᵃ 7.69ᵃ 11.50ᵃ 25.87ᵃᵇ 22.64ᶜ 0.01ᶜ 

GM3 + FR2 (1:2 + NPK) 94.50ᵃ 23.50ᵇᶜ 7.00ᵃᵇ 10.95ᵃ 27.62ᵃ 25.43ᶜ 0.04ᵃ 

GM3 + FR3 (1:2 + None) 92.42ᶜ 24.75ᵃᵇ 7.69ᵃ 7.46ᶜ 24.70ᵇ 27.82ᵇᶜ 0.02ᵇᶜ 

Trial Mean 92.96 24.59 7.09 7.73 24.65 30.46 0.02 

Superscript letters within each column indicate significant differences between treatments according to Tukey’s HSD test (p < 0.05). Treatments sharing the 

same letter are not significantly different
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The nutrient composition of spinach leaves was significantly influenced by the soilless medium 

and fertilizer type, as well as their interaction (Table 6). Among the main factor treatments, 

spinach grown in GM3 (1:2 charcoal dust: coffee husk) exhibited the highest crude fat (9.97%) 

and crude protein (26.06%), indicating superior nutrient accumulation under this medium. 

GM1 and GM2 showed comparable dry matter and ash content, though GM1 supported higher 

carbohydrate levels. Regarding fertilizer treatments, FR2 (NPK) resulted in the highest crude 

fat (9.15%) and protein (27.03%), while FR1 (organic) enhanced fibre (7.51%) and iron (0.02 

mg/100g) content. The interaction effects revealed that the combination of GM1 + FR1 

produced the highest carbohydrate (34.09%) and iron (0.04 mg/100g), whereas GM1 + FR2 

yielded the highest protein (27.95%). Notably, GM2 + FR1 recorded the lowest fat content 

(5.50%), suggesting that organic fertilizer may suppress lipid synthesis under a 1:1 medium. 

Overall, the trial mean values across all treatments were 92.96% dry matter, 24.65% crude 

protein, 7.73% crude fat, 30.46% total carbohydrate, and 0.02 mg/100g iron, confirming 

spinach as a nutritionally dense leafy vegetable under optimized growing conditions. These 

findings indicate that spinach consistently accumulates high levels of dry biomass and protein, 

making it a valuable source of dietary amino acids. The moderate fat content, coupled with 

substantial carbohydrate levels, suggests a balanced energy contribution. Iron concentration 

remained relatively stable across treatments, reinforcing spinach’s reputation as a reliable 

source of micronutrients. These results support the recommendation of spinach for both 

nutritional and agronomic value under varied soilless media and fertilizer regimes. 
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Table 6:  Mean nutrient composition of cowpea leaves under different soilless media and fertilizer treatments 

Source of variation 
Dry Matter 

(%) 

Total Ash 

(%) 

Crude 

Fibre (%) 

Crude Fat 

(%) 

Crude Protein 

(%) 

Total Carbo- 

hydrate (%) 

Iron 

(mg/100g) 

Main factor:  

Soilless medium 
       

GM1 (2:1) 82.96ᶜ 20.34ᶜ 10.20ᵇ 3.12ᵃᵇ 19.70ᶜ 28.77ᵇ 0.03ᵃᵇ 

GM2 (1:1) 86.21ᵃ 21.26ᵇ 10.56ᵃᵇ 2.34ᵇ 22.86ᵃᵇ 29.68ᵃᵇ 0.02ᵇ 

GM3 (1:2) 84.55ᵇ 23.25ᵃ 11.35ᵃ 2.88ᵃᵇ 19.93ᵇᶜ 26.47ᶜ 0.02ᵇ 

Secondary factor:  

Fertilizer type 
       

FR1 (Organic) 86.19ᵃ 21.63ᵇ 11.18ᵃ 2.74ᵇ 19.96ᶜ 31.00ᵃ 0.02ᵇ 

FR2 (NPK) 82.38ᶜ 20.92ᶜ 10.23ᵇ 2.95ᵃᵇ 25.19ᵃ 23.26ᶜ 0.02ᵇ 

FR3 (None) 85.15ᵇ 22.30ᵃᵇ 10.89ᵃᵇ 2.72ᵇ 20.92ᵇ 30.66ᵃ 0.03ᵃᵇ 

Interaction: Soilless 

Medium × Fertilizer Type 
       

GM1 + FR1 (2:1 + Organic) 85.50ᵇ 24.00ᵃ 10.75ᵃᵇ 3.23ᵃ 18.23ᶜ 29.28ᵇ 0.02ᵇ 

GM1 + FR2 (2:1 + NPK) 78.50ᶜ 14.00ᶜ 9.40ᶜ 2.86ᵃᵇ 24.31ᵃ 27.44ᶜ 0.03ᵃᵇ 

GM1 + FR3 (2:1 + None) 82.89ᵇ 23.03ᵃ 10.45ᵇ 3.27ᵃ 16.57ᵈ 29.58ᵇ 0.05ᵃ 

GM2 + FR1 (1:1 + Organic) 87.06ᵃ 18.41ᵇᶜ 10.84ᵃᵇ 2.50ᵇ 20.66ᵇᶜ 34.66ᵃ 0.02ᵇ 

GM2 + FR2 (1:1 + NPK) 85.07ᵇ 22.39ᵃᵇ 9.41ᶜ 3.00ᵃᵇ 28.48ᵃ 21.80ᶜ 0.01ᶜ 

GM2 + FR3 (1:1 + None) 86.00ᵃ 23.00ᵃ 11.44ᵃ 1.53ᶜ 19.44ᶜ 30.58ᵃᵇ 0.03ᵃᵇ 

GM3 + FR1 (1:2 + Organic) 86.00ᵃ 22.50ᵃᵇ 11.94ᵃ 2.50ᵇ 19.99ᶜ 29.07ᵇ 0.02ᵇ 

GM3 + FR2 (1:2 + NPK) 83.58ᵇ 26.37ᵃ 10.89ᵃᵇ 3.00ᵃᵇ 22.79ᵇᶜ 20.54ᶜ 0.02ᵇ 

GM3 + FR3 (1:2 + None) 84.08ᵇ 22.89ᵃ 11.22ᵃ 3.15ᵃ 17.01ᵈ 29.81ᵇ 0.02ᵇ 

Trial Mean 84.83 21.93 10.67 2.78 21.14 28.56 0.02 

Superscript letters within each column indicate significant differences between treatments according to Tukey’s HSD test (p < 0.05). Treatments sharing the 

same letter are not significantly different
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Table 7 showed cowpea leaf nutrient composition was influenced by both soilless media and 

fertilizer type. GM2 (1:1) resulted in the highest dry matter (86.21%) and protein (22.86%), 

while GM3 (1:2) led in fibre (11.35%) and ash (23.25%) but had the lowest carbohydrate 

(26.47%). GM1 (2:1) showed lower protein and dry matter but higher carbohydrate (28.77%). 

Among fertilizer treatments, FR2 (NPK) produced the highest protein (25.19%) and fat 

(2.95%), though carbohydrate was lowest (23.26%). FR1 (organic) supported the highest fibre 

(11.18%) and carbohydrate (31.00%), while FR3 (no fertilizer) maintained balanced nutrient 

levels with slightly elevated iron (0.03 mg/100g). Interaction effects revealed that GM2 + FR2 

yielded the highest protein (28.48%) and fat (3.00%), but the lowest iron. GM1 + FR1 had the 

highest carbohydrate and iron, while GM3 + FR1 showed the highest fibre and carbohydrate. 

The overall trial mean values for cowpea were 84.83% dry matter, 21.14% crude protein, 

2.78% crude fat, 28.56% total carbohydrate, and 0.02 mg/100g iron. 

These figures indicate that cowpea is a leaner leafy vegetable, with lower fat and protein 

compared to spinach and collard. However, its high fibre and carbohydrate content make it a 

valuable source of dietary roughage and energy. The consistent iron levels across treatments 

suggest cowpea can contribute to micronutrient intake, especially when consumed regularly. 

Overall, cowpea’s trial means highlight its role as a complementary vegetable in diversified 

diets, particularly where low-fat, high-fibre options are preferred. 
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Table 7:  Mean nutrient composition of amaranth leaves under different soilless media and fertilizer treatments 

Source of variation 
Dry Matter 

(%) 

Total Ash 

(%) 

Crude 

Fibre (%) 

Crude Fat 

(%) 

Crude 

Protein 

(%) 

Total 

Carbohydrate 

(%) 

Iron 

(mg/100g) 

Main factor:  

Soilless medium 
       

GM1 (2:1) 89.90ᵇ 8.76ᶜ 4.48ᵇ 8.85ᵇ 23.12ᵇ 43.75ᵃ 0.02ᵇ 

GM2 (1:1) 89.87ᵇ 16.41ᵃ 4.17ᵇ 8.57ᵇ 25.55ᵃ 35.18ᶜ 0.01ᶜ 

GM (1:2) 90.07ᵃ 14.16ᵇ 4.22ᵇ 8.72ᵇ 24.32ᵃᵇ 40.65ᵇ 0.02ᵇ 

Secondary factor:  

Fertilizer type 
       

FR1 (Organic) 89.97ᵇ 12.59ᵇ 4.40ᵇ 9.03ᵃ 23.75ᵇ 42.53ᵃ 0.02ᵇ 

FR2 (NPK) 89.73ᵇ 11.71ᵇ 4.74ᵃ 8.29ᵇ 25.03ᵃ 36.36ᶜ 0.03ᵃ 

FR3 (None) 90.13ᵃ 15.30ᵃ 4.73ᵃ 8.82ᵇ 24.24ᵃᵇ 41.69ᵇ 0.01ᶜ 

Interaction: Soilless Medium × 

Fertilizer Type 
       

GM1 + FR1 (2:1 + Organic) 89.64ᵇ 3.32ᶜ 3.86ᶜ 9.65ᵃ 23.97ᵇ 48.85ᵃ 0.03ᵃ 

GM1 + FR2 (2:1 + NPK) 90.26ᵃ 9.00ᵇᶜ 4.83ᵃᵇ 8.46ᵇ 22.35ᶜ 42.78ᵃᵇ 0.03ᵃ 

GM1 + FR3 (2:1 + None) 89.81ᵇ 13.97ᵃᵇ 4.75ᵃᵇ 8.43ᵇ 23.04ᵇᶜ 39.63ᵇᶜ 0.01ᶜ 

GM2 + FR1 (1:1 + Organic) 89.80ᵇ 16.60ᵃ 4.18ᵇᶜ 8.23ᵇ 22.48ᶜ 38.30ᶜ 0.02ᵇ 

GM2 + FR2 (1:1 + NPK) 89.93ᵇ 16.55ᵃ 3.78ᶜ 8.19ᵇ 27.70ᵃ 33.81ᶜ 0.01ᶜ 

GM2 + FR3 (1:1 + None) 89.87ᵇ 16.09ᵃ 4.56ᵃᵇ 9.30ᵃ 26.48ᵃᵇ 33.44ᶜ 0.01ᶜ 

GM3 + FR1 (1:2 + Organic) 90.46ᵃ 17.84ᵃ 3.17ᶜ 9.20ᵃ 23.80ᵇ 40.44ᵇ 0.03ᵃ 

GM3 + FR2 (1:2 + NPK) 89.69ᵇ 10.57ᵇᶜ 4.65ᵃᵇ 7.47ᶜ 25.13ᵃᵇ 41.87ᵇ 0.01ᶜ 

GM3 + FR3 (1:2 + None) 90.07ᵃ 14.07ᵃᵇ 4.84ᵃ 8.48ᵇ 23.03ᵇᶜ 39.65ᵇᶜ 0.02ᵇ 

Trial Mean 89.94 13.58 4.38 8.63 24.27 40.02 0.02 

Superscript letters within each column indicate significant differences between treatments according to Tukey’s HSD test (p < 0.05). Treatments sharing the 

same letter are not significantly different.
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Amaranth leaves exhibited distinct nutrient profiles across treatments, as shown in Table 8. 

GM3 (1:2) produced the highest dry matter (90.07%) and fibre (4.22%), with strong protein 

and fat levels. GM2 (1:1) had the highest ash (16.41%) and protein (25.55%) but the lowest 

carbohydrate (35.18%), while GM1 (2:1) supported the highest carbohydrate (43.75%) and 

iron (0.02 mg/100g). Fertilizer effects showed that FR2 (NPK) enhanced protein (25.03%) and 

fibre (4.74%) but reduced carbohydrate. FR1 (organic) promoted higher fat (9.03%) and 

carbohydrate (42.53%), while FR3 (no fertilizer) had the highest ash and fibre with moderate 

nutrient levels. Interaction effects revealed that GM1 + FR1 yielded the highest carbohydrate 

(48.85%) and iron (0.03 mg/100g), while GM2 + FR2 had the highest protein (27.70%) but 

lower carbohydrate and fibre. GM3 + FR1 showed the highest dry matter and fibre, with strong 

protein and carbohydrate levels. The trial mean values for amaranth were 89.94% dry matter, 

24.27% crude protein, 8.63% crude fat, 40.02% total carbohydrate, and 0.02 mg/100g iron. 

These results underscore amaranth as a high-energy leafy vegetable, with the highest 

carbohydrate content among the four crops studied. Its protein and fat levels were comparable 

to spinach, suggesting strong nutritional value. The elevated dry matter reflects efficient 

biomass accumulation, while the consistent iron concentration supports its role in addressing 

micronutrient deficiencies. Overall, the trial means position amaranth as a versatile and 

nutrient-rich crop, ideal for enhancing both caloric and protein intake in plant-based diets. 

 



41 

 

Table 8: Mean nutrient composition of collard leaves under different soilless media and fertilizer treatments 

Source od variation 
Dry Matter 

(%) 

Total Ash 

(%) 

Crude 

Fibre (%) 
Crude Fat (%) 

Crude Protein 

(%) 

Total 

Carbohydrate 

(%) 

Iron 

(mg/100g) 

Main factor:  

Soilless medium 
       

GM1 (2:1) 90.55ᵃᵇ 14.99ᵇ 4.65ᵇ 7.90ᵇ 27.19ᵇ 36.62ᵃᵇ 0.01ᵇ 

GM2 (1:1) 88.90ᵇ 15.44ᵃᵇ 4.83ᵇ 9.10ᵃ 27.39ᵇ 32.15ᶜ 0.01ᵇ 

GM3 (1:2) 90.27ᵃ 11.70ᶜ 5.28ᵃ 8.42ᵃᵇ 28.02ᵃ 36.85ᵃ 0.01ᵇ 

Secondary factor:  

Fertilizer type 
       

FR1 (Organic) 90.61ᵃ 12.86ᶜ 5.15ᵃᵇ 8.22ᵃᵇ 27.64ᵇ 37.61ᵃ 0.01ᵇ 

FR2 (NPK) 90.30ᵃᵇ 10.45ᶜ 5.16ᵃᵇ 8.94ᵃ 27.82ᵃᵇ 37.52ᵃ 0.01ᵇ 

FR3 (None) 89.81ᵇ 17.50ᵃ 4.80ᵇ 8.32ᵃᵇ 27.31ᵇ 33.58ᵇᶜ 0.01ᵇ 

Interaction:  

Soilless Medium × Fertilizer Type 
       

GM1 + FR1 (2:1 + Organic) 90.98ᵃ 14.20ᵇ 4.72ᵇ 7.34ᶜ 26.76ᵇ 37.96ᵃ 0.01ᵇ 

GM1 + FR2 (2:1 + NPK) 90.33ᵃᵇ 12.76ᶜ 4.74ᵇ 8.66ᵃᵇ 28.23ᵃ 35.95ᵃᵇ 0.01ᵇ 

GM1 + FR3 (2:1 + None) 90.35ᵃᵇ 16.00ᵃᵇ 4.50ᵇ 7.70ᵇ 26.57ᵇ 35.95ᵃᵇ 0.01ᵇ 

GM2 + FR1 (1:1 + Organic) 90.32ᵃᵇ 13.28ᶜ 4.77ᵇ 9.35ᵃ 27.31ᵇ 35.62ᵃᵇ 0.00ᶜ 

GM2 + FR2 (1:1 + NPK) 84.93ᶜ 15.06ᵃᵇ 4.38ᶜ 8.47ᵃᵇ 27.20ᵇ 29.83ᶜ 0.01ᵇ 

GM2 + FR3 (1:1 + None) 91.46ᵃ 17.99ᵃ 5.33ᵃ 9.47ᵃ 27.66ᵇ 31.01ᶜ 0.01ᵇ 

GM3 + FR1 (1:2 + Organic) 90.52ᵃᵇ 9.11ᶜ 5.36ᵃ 7.97ᵇ 28.85ᵃ 39.24ᵃ 0.01ᵇ 

GM3 + FR2 (1:2 + NPK) 89.79ᵇ 9.49ᶜ 5.38ᵃ 9.10ᵃ 26.42ᵇ 39.39ᵃ 0.01ᵇ 

GM3 + FR3 (1:2 + None) 90.50ᵃᵇ 16.51ᵃ 5.10ᵃᵇ 8.20ᵃᵇ 28.80ᵃ 31.91ᶜ 0.02ᵃ 

Trial Mean 89.99 13.98 4.94 8.43 27.53 34.99 0.01 

Superscript letters within each column indicate significant differences between treatments according to Tukey’s HSD test (p < 0.05). Treatments sharing the same letter are 

not significantly different.
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The nutrient composition of collard leaves varied significantly across soilless media and 

fertilizer treatments as shown in Table 9. Among the main factor treatments, GM3 (1:2 charcoal 

dust: coffee husk) produced the highest crude fibre (5.28%) and protein (28.02%), along with 

elevated dry matter and carbohydrate levels, indicating superior nutrient accumulation. GM2 

(1:1) yielded the highest crude fat (9.10%) but had the lowest dry matter and carbohydrate 

content, suggesting a trade-off between lipid and energy compounds. GM1 (2:1) maintained 

balanced nutrient levels, particularly in carbohydrate (36.62%) and ash (14.99%). Regarding 

fertilizer effects, FR2 (NPK) enhanced crude fat (8.94%) and protein (27.82%), while FR1 

(organic) supported higher fibre (5.15%) and carbohydrate (37.61%). FR3 (no fertilizer) 

resulted in the highest ash (17.50%) but lower protein and carbohydrate. Interaction effects 

revealed that GM3 combined with either FR1 or FR2 produced the highest fibre and 

carbohydrate levels, while GM2 + FR3 recorded the highest ash and fat, but reduced 

carbohydrate. Overall, the trial mean values for collard were 89.99% dry matter, 27.53% crude 

protein, 8.43% crude fat, 34.99% total carbohydrate, and 0.01 mg/100g iron. 

These averages reflect collard’s strong potential as a protein-rich leafy vegetable, surpassing 

spinach in crude protein content. The elevated fat and carbohydrate levels suggest that collard 

contributes significantly to dietary energy, while maintaining a robust structural profile through 

its fibre content. Although iron levels were slightly lower than in spinach, the overall nutrient 

balance positions collard as a highly nutritious crop, particularly suitable for regions aiming to 

boost protein intake through plant-based sources. 

3.1.1 Crude Protein   

 

Table 9: ANOVA summary of crude protein 

 Df Sum Sq Mean Sq F value Pr(>F) 

Potting media 2 17.06 8.53 1.759 0.19369 

Fertilizer type 2 64.19 32.10 6.619 0.00514 ** 

Potting media: fertilizer type 4 13.96 3.49 0.720 0.58685 

Residuals 24 116.38 4.85   

 

Fertilizer type had a statistically significant effect on crude protein content in the tested leafy 

vegetables (p < 0.01). Post hoc comparisons revealed that both FR1 (organic fertilizer) and 

FR2 (NPK) treatments resulted in significantly higher crude protein levels compared to the 

control group (FR3), indicating that both organic and inorganic fertilizers positively influenced 

protein accumulation. However, no significant difference was observed between FR1 and FR2 

themselves. In contrast, neither the main effect of growth media composition (p = 0.194) nor 

the interaction between fertilizer type and media (p = 0.587) showed a statistically significant 

influence on crude protein content. 
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(a) Boxplot 
 

 

 
 

(b) Density plot  

Figure 8: Crude protein across different fertilizer types 

Figure 8 (a) a boxplot and (b) a density plot illustrates the influence of different fertilizer 

treatments on the crude protein content of leafy vegetables. The NPK fertilizer treatment 

(FR2) resulted in the highest protein concentrations, as indicated by a higher median value 

and a broader interquartile range (IQR), reflecting greater variability among replicates. In 

comparison, the organic fertilizer treatment (FR1) produced moderate protein levels 

exceeding those observed in the unfertilized control (FR3) but remaining lower than the 

NPK-treated group. The control group (FR3) exhibited the lowest and most inconsistent 

protein levels, as evidenced in the boxplot by a compressed IQR and reduced median, and 

further supported by the density plot, which displayed a more restricted distribution relative 

to the fertilized treatments. 

 

3.1.2 Total carbohydrate   

 

Table 10: ANOVA summary of total carbohydrate 

 Df Sum Sq Mean Sq F value Pr(>F) 

Potting media 2 71.8 35.90 2.519 0.1016 

Fertilizer type 2 113.8 56.90 3.993 0.0319 * 

Potting media: Fertilizer type 4 38.5 9.63 0.676 0.6152 

Residuals 24 342.0 14.25   

 

 

The total carbohydrate content of the vegetables was significantly affected by fertilizer type 

(p<0.05), indicating that nutrient input plays a substantial role in modulating carbohydrate 

metabolism and accumulation in leafy vegetables. This outcome suggests that the availability 

and composition of macronutrients, particularly nitrogen and potassium in different fertilizer 

treatments likely influence photosynthetic efficiency and carbohydrate biosynthesis. 

In contrast, neither the growth media composition (p = 0.102) nor the interaction between 

fertilizer type and media (p = 0.615) exerted a statistically significant effect on carbohydrate 

levels. These results imply that while fertilization directly enhances carbohydrate 

accumulation, the physicochemical properties of the soilless substrates used in this study may 
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not have provided additional influence. It is therefore plausible that carbohydrate content is 

more sensitive to nutrient availability than to the characteristics of the substrate in soilless 

cultivation systems. 

 

 

(a)Boxplot 

 

(b) Density plot  

Figure 9:  Total carbohydrates content in leafy vegetables across different fertilizer types 

Figure 9 (a) and (b) illustrate the effect of fertilizer type on total carbohydrate content in leafy 

vegetables. The highest carbohydrate levels were observed in vegetables grown with organic 

fertilizer (FR1). Plants treated with NPK (FR2) fertilizer showed moderate carbohydrate 

content, while the lowest levels were recorded in the unfertilized control group. The limited 

availability of essential nutrients in the soilless medium composed of charcoal dust or coffee 

husks, may have restricted carbohydrate synthesis. The density plot further supports the 

observation that fertilizer type influences carbohydrate accumulation, with both organic and 

NPK fertilizers leading to broader distributions and generally higher carbohydrate content 

compared to the no-fertilizer treatment. 

 

3.1.3 Crude fibre  

 

Table 11: ANOVA summary 

 Df Sum Sq Mean Sq F value Pr(>F) 

Potting media 2 1.989 0.9946 3.389 0.0505 

Fertilizer type 2 2.223 1.1116 3.788 0.0372 * 

Potting media : Fertilizer type 4 0.999 0.2496 0.851 0.05073 

Residuals 24 7.043 0.2935   

 

Fertilizer type also had a significant effect on crude fiber content (p <0.05), indicating that 

different fertilizers influence cell wall development and fiber accumulation in leafy 

vegetables. Growth media showed a near-significant effect (p = 0.0505), suggesting a possible 

influence on fiber accumulation, although this was not statistically conclusive at the 0.05 
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threshold. The interaction between growth media and fertilizer type was not significant (p = 

0.5073).  

 

 

(a) Boxplot 

 

 

(b) Density plot 

Figure 10:  Crude fibre content in leafy vegetables across different fertilizer types 

Figure 10 (a) and (b) illustrate the impact of fertilizer type on the crude fibre content of leafy 

vegetables. The highest crude fibre levels were observed in plants treated with (FR2) NPK 

fertilizer, followed by those grown with (FR1) organic fertilizer, which showed moderate 

levels. The lowest crude fibre content was recorded in vegetables grown without any fertilizer 

application.  

 

3.1.4 Dry matter, Crude Fat, Total Ash 

 

Table 12: Summary of statistically non-significant experimental factors in leafy vegetables 
nutrient 

 

Dry matter 

 

 Df SumSq MeanSQ F value Pr(>F) 

Growth media 2 2.71 1.357 0.484 0.622 

Fertilizer type 2 12.59 6.296 2.247 0.128 

Growth media: Fertilizer type 4 4.60 1.150 0.410 0.800 

Residuals 24 67.26 2.803   

          (P>0.05) 



46 

Total Ash 

 

 Df SumSq MeanSQ F value Pr(>F) 

Growth media 2 35.35 17.673 1.546 0.234 

Fertilizer type 2 30.24 15.122 1.323 0.285 

Growth media: Fertilizer type 4 20.95 5.237 0.458 0.766 

Residuals 24 274.34 11.431   

             (P>0.05) 

                                   

Crude Fat 

 

 Df SumSq MeanSQ F value Pr(>F) 

Growth media 2 3.46 1.732 1.157 0.331 

Fertilizer type 2 1.27 0.636 0.425 0.659 

Growth media: Fertilizer type 4 2.71 0.677 0.452 0.770 

Residuals 24 35.93 1.497   

      (P>0.05) 

 

 

 

Overall, the results show that differences in the types of growth media and fertilizer had no 

significant impact on dry matter, crude fat and total ash content in leafy vegetables. This 

implies that these nutrient characteristics may be more heavily influenced by other variables, 

such as genetic variability, environmental circumstances, or nutrient interactions. 

 

3.2 Discussion 

3.2.1. Vegetable yield under soilless growth media with application different fertilizers 

types  

The enrichment of soilless media with organic and inorganic fertilizers influenced the yield 

performance of the selected leafy vegetables, with outcomes shaped by both substrate 

composition and crop-specific nutrient physiology. 

Spinach, a nitrate-responsive species with high-affinity root transporters, benefited from the 

enhanced aeration and ionic availability in GM3 when enriched with NPK (FR2). This 

combination facilitated efficient nitrate uptake, Rubisco activation, and carbon assimilation, 

consistent with findings by (Michelon et al., 2021). The marginal yield difference between FR2 

and the control suggests spinach’s partial nitrogen autonomy in well-aerated substrates 

(Ayodele et al., 2010). Organic fertilizer, while beneficial for chlorophyll synthesis, 

underperformed in denser media due to nitrogen immobilization and short-lived ammonium 

deficits. The control treatment demonstrated spinach’s partial nitrogen independence in aerated 

systems, though with a modest 1–2% yield reduction. These findings align with optimal EC 

thresholds (~1.2 dS m-1) for maximizing stomatal conductance without salinity stress (Ayodele 

et al., 2010; Michelon et al., 2021). 

Cowpea greens, a leguminous crop, responded best to organic enrichment (FR1) in GM2. The 

balanced media supported rhizobial symbiosis and phosphorus mobilization, enhancing 

biological nitrogen fixation and dry matter accumulation (Adekayode & Ogunkoya, 2011). In 
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contrast, NPK in denser media suppressed nodulation due to ethylene-mediated inhibition 

under anaerobic conditions, reducing nitrogen fixation and dry matter accumulation. The 

control in 1:2 media leveraged residual phosphorus but lacked sufficient nitrogen 

supplementation. These outcomes emphasize cowpea’s nitrogen-sparing physiology and the 

effectiveness of organic inputs in sustaining yield and soil organic matter (Adekayode & 

Ogunkoya, 2011; Ojo et al., 2010). 

Amaranth exhibited resilience across treatments, with slightly higher yields under FR1 in 

GM3. Organic fertilizer in aerated media enhanced phosphorus solubilization and nitrogen 

mineralization, facilitated by humic substances that stimulated proton-ATPase activity and root 

proliferation. NPK, while increasing tissue nitrogen, suffered from leaching in low-CEC 

substrates, leading to short-lived nitrate surges without sustained biomass gains. The control’s 

near-equivalent yield highlights amaranth’s adaptability to low-input systems and its efficient 

use of residual phosphorus. Organic inputs also correlated with improved nutritional quality 

(e.g., vitamin C) and soil fertility, reinforcing their role in sustainable amaranth cultivation 

(Ayodele et al., 2010; Paul et al., 2024). 

Collard, a nitrogen-intensive Brassica, showed optimal performance under FR2 in GM2, 

where balanced nutrient ratios and aeration supported high photosynthetic rates. However, the 

narrow yield margin between FR2 and FR1 suggests that organic inputs may also sustain 

productivity while enhancing nutritional quality (Qureshi et al., 2022). The control maintained 

moderate yields via residual fertility but experienced nutrient dilution effects. These findings 

advocate for integrated fertilization strategies to balance yield and nutritional quality in 

Brassica crops under soilless conditions (Qureshi et al., 2022; Michelon, et al., 2021). 

The enrichment of soilless media with organic and inorganic fertilizers significantly influenced 

the yield performance of selected leafy vegetables, with outcomes shaped by both substrate 

composition and crop-specific nutrient physiology. Spinach and collard demonstrated optimal 

productivity in inert-dominant media enriched with NPK, leveraging rapid nitrate uptake and 

enhanced photosynthetic efficiency. In contrast, cowpea greens and amaranth responded more 

favorably to organic amendments in balanced media, benefiting from microbial symbioses and 

phosphorus mobilization. These results affirm that fertilizer enrichment strategies must be 

crop-specific and media-sensitive to optimize yield, nutrient use efficiency, and sustainability 

in semi-arid horticultural systems. 

Yield response to growth media and fertilizer treatments 

The two-way ANOVA results indicated that growth media regime, fertilizer type, and their 

interaction did not significantly influence yield across the four leafy vegetables (p > 0.05). This 

suggests that the tested treatments did not produce statistically distinguishable effects on 

productivity. However, vegetable type emerged as a major source of variation, with spinach 

consistently yielding higher (up to 7.524 t·ha⁻¹) than collard, cowpea, and amaranth. These 

findings imply that inherent crop characteristics play a more dominant role in determining yield 

than the applied media or fertilizer combinations. Despite the lack of statistical significance, 

observed trends showed that GM3 (1:2) combined with NPK fertilizer tended to support 

slightly higher yields in spinach and amaranth, indicating potential agronomic value worth 

exploring in future trials. 

Although growth media and fertilizer regimes did not significantly influence yield, the 

observed species differences and slight trends under GM3 with NPK fertilizer provide useful 

guidance for practice. For farmers, this suggests that investing heavily in specific media or 

fertilizer combinations may not guarantee higher yields across all leafy vegetables. Instead, 

focusing on crop choice particularly spinach, which consistently outperformed the others offers 
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a more reliable pathway to improved productivity. At the same time, the comparable 

performance of organic fertilizer treatments highlights opportunities for integrating organic 

inputs to reduce costs and enhance soil fertility. From a policy perspective, these findings 

support initiatives that promote balanced nutrient management strategies, combining organic 

amendments with judicious use of inorganic fertilizers. Such approaches align with Uganda’s 

broader goals of sustainable agricultural intensification, ensuring that productivity gains are 

achieved without compromising long-term soil health or farmer livelihoods. Overall, yield 

performance was driven more by crop species than by growth media or fertilizer regime, 

underscoring the importance of crop choice and balanced nutrient management for sustainable 

vegetable production in Uganda 

 

3.2.2 Nutrient profiles of leafy vegetables 

Crude Protein  

Crude protein content was significantly influenced by fertilizer type, whereas growth media 

and the interaction between both factors did not show statistically significant effects. This 

suggests that nitrogen availability, often determined by fertilizer composition and rate of 

application, is a key factor in protein synthesis in leafy vegetables (Kunkulberga et al., 2019; 

Wang et al., 2023; Wang et al., 2021). Adequate nitrogen levels enhance the nutritional quality 

of leafy vegetables by promoting the synthesis of amino acids, the fundamental building blocks 

of proteins. 

Balanced fertilization strategies ensure that plants receive the nutrients necessary for optimal 

growth and protein production (Maheswari et al., 2017a; Wan et al., 2023). According to 

Farhan et al., (2024), the use of nitrogen-rich fertilizers significantly increases protein content 

in green crops. Integrated nutrient management further improves nitrogen use efficiency (NUE) 

and protein synthesis. Swanson et al., (2022) also reported that different fertilization regimes 

can affect the nutrient profile of leafy greens, including their protein content.  

These findings are consistent with those of Grobelnik Mlakar (2012), who noted that nitrogen 

fertilization significantly boosts protein levels in amaranth enhancing amino acid biosynthesis 

and nitrogen assimilation. Similarly, Shaji et al. (2021) found that organic fertilizers can 

promote protein accumulation in leafy greens due to their slow-release nitrogen properties, 

which improve nutrient uptake over time. 

Interestingly, green vegetables grown in soilless media exhibited higher crude protein content, 

likely due to the enhanced bioavailability of nitrogen from both organic and inorganic 

fertilizers. Unlike soil-based systems, soilless media offer direct access to nutrients, with 

minimal microbial immobilization or competition with soil particles (Liu et al., 2024). 

According to Dion et al. (2020), organic fertilizers release nitrogen gradually, improving long-

term uptake efficiency, while inorganic fertilizers provide immediate nitrogen availability, 

supporting rapid protein synthesis.  

Moreover, optimal aeration and root-zone hydration in soilless systems further facilitate 

nutrient absorption and stimulate the biosynthesis of proteins and amino acids. Fertilizers, 

particularly nitrogen-rich ones, play a direct role in protein production, as nitrogen is a primary 

component of amino acids. Therefore, the observed increase in crude protein content likely 

reflects the sufficient nitrogen supply provided by the fertilizers, which in turn enhanced 

protein biosynthesis pathways in the leafy vegetables (Maheswari et al., 2017b). 
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Total Carbohydrate  

The results showed that fertilizer type had a significant effect on total carbohydrate content, 

whereas growth media and the interaction between the two factors were not statistically 

significant. This suggests that the type of fertilizer plays a key role in carbohydrate 

accumulation, likely by influencing photosynthesis and energy storage processes (Si et al., 

2018). These findings are consistent with those of Feng et al. (2024a), who reported that 

nitrogen-rich fertilizers enhance carbohydrate synthesis by increasing chlorophyll content and 

improving photosynthetic efficiency. Balanced fertilization strategies also contribute to 

optimized carbohydrate levels in leafy vegetables, which directly affect product quality and 

consumer preference (Chen et al., 2021; Guo et al., 2022). 

The highest total carbohydrate content was observed in vegetables treated with organic 

fertilizer. This may be attributed to the gradual release of nutrients from organic matter, which 

sustains photosynthesis and carbohydrate accumulation over time (Martínez-Alcántara et al., 

2016). The enhanced availability of micronutrients from organic fertilizers also supports 

enzymatic processes involved in carbohydrate biosynthesis. Fertilizers that enhance 

photosynthetic capacity and energy metabolism tend to promote carbohydrate accumulation, 

as reflected in the present results. The observed increase in carbohydrate content likely reflects 

improved photosynthetic activity due to optimized nutrient availability (Wei et al., 2024). 

Moreover, balanced fertilizer application ensures that plants have access to essential nutrients 

for healthy growth and development, leading to higher-quality products that meet consumers’ 

expectations (Gao et al., 2020). In addition to improving product quality, this approach supports 

sustainable agricultural practices by preserving soil health and reducing dependence on 

excessive chemical inputs. 

The increase in total carbohydrates observed in soilless systems may also be attributed to 

enhanced photosynthetic efficiency. The absence of compacted soil layers in these media 

improves root oxygenation, facilitating greater carbon assimilation and starch accumulation in 

leaves (Liu et al., 2024). Organic fertilizers further stimulate beneficial microbial activity, 

promoting nutrient solubilization and uptake, thereby supporting sustained carbohydrate 

production. The controlled nutrient delivery in soilless systems minimizes plant stress and 

contributes to higher glucose reserves.  

 

 Crude Fibre 

Crude fiber content was significantly influenced by fertilizer type, while growth media showed 

marginal significance (p = 0.0505), and the interaction effect was not significant. These results 

suggest that nutrient management strategies play a key role in fiber accumulation, likely due to 

their influence on cell wall formation and the structural integrity of plant tissues. The highest 

crude fiber content was observed in plants treated with NPK fertilizer, likely due to the rapid 

availability of nutrients, particularly nitrogen, which promotes cell wall development and fiber 

biosynthesis (Wang et al., 2023). The variability in fiber content indicates a differing response 

based on nutrient uptake efficiency.  

Crude fiber, which includes cellulose, hemicellulose, and lignin, is closely linked to structural 

development in plants. Fertilizers that enhance vegetative growth and cell wall thickening tend 

to increase fiber accumulation, suggesting that the treatments supported the development of 

robust leaf tissue (Echer et al., 2020). 

Panta & Parajulee (2021) emphasized that integrated nutrient management not only improves 

crop yields but also enhances soil quality and reduces greenhouse gas emissions, indirectly 
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supporting fiber accumulation. Similarly, Pedreira et al. (2023) showed that effective nutrient 

strategies in forage crops improve both structural integrity and nutritive value. Furthermore, 

Batabyal (2017) highlighted the importance of nutrient management in improving crop quality 

and sustaining soil health, underscoring its role in the formation and maintenance of plant 

tissues. Adequate nitrogen and potassium fertilization was also found to enhance lignin and 

cellulose synthesis, thereby promoting fiber development (Pedreira et al. 2023). Batabyal 

(2017) further noted that controlled nutrient supply encourages optimal fiber accumulation 

without compromising leaf tenderness and quality. Organic manure supports moderate fiber 

accumulation, without compromising leaf tenderness.  

Organic fertilizers contributed to moderate fiber accumulation, helping maintain desirable 

texture in leafy vegetables. Their slow decomposition provides a steady nutrient release, 

promoting balanced growth and structural quality.  

In contrast, nutrient deficiency due to lack of fertilization can lead to thicker cell walls as a 

plant defense mechanism, resulting in increased crude fiber content (Li et al., 2024). Soilless 

media may further influence fiber accumulation by improving water and nutrient retention, 

reducing drought stress, and enhancing cell wall thickness and more fiber synthesis. Moreover, 

precise nutrient management in soilless systems ensures optimal availability of key minerals 

such as calcium and potassium, both essential for fiber formation and structural reinforcement 

(Li et al., 2024; Schwarz et al., 2009). While organic fertilizers stimulate the production of 

secondary metabolites, inorganic sources directly supply minerals crucial for cell wall integrity 

and fiber content (Association of Official Analytical Chemists, 2000). 

 

Crude Fat  

Leafy vegetables are inherently low in fat, as their primary metabolic focus is directed toward 

carbohydrate and protein production rather than lipid biosynthesis (Inyang, 2016). The absence 

of a significant effect of fertilizer type on crude fat content suggests that fat accumulation in 

these vegetables is largely genetically determined and not strongly influenced by external 

nutrient availability (Sossa-Vihotogbe et al., 2013).  

Unlike oil-rich crops such as avocados or nuts, leafy vegetables typically contain low levels of 

lipids, most of which are structural phospholipids rather than storage fats. These phospholipids, 

essential components of cell membranes, are not notably affected by fertilization (Breve et al., 

2023). In contrast to oilseed crops, where nitrogen and phosphorus supplementation can 

enhance lipid synthesis, leafy vegetables lack an efficient carbon-to-lipid conversion pathway. 

As a result, fertilizer application has little to no impact on fat formation in these species (Vidal 

et al., 2018).  

Moreover, since lipid metabolism is predominantly controlled by genetic factors, the growth 

medium, whether soil-based or soilless (e.g., charcoal and coffee husks), is unlikely to 

significantly influence fat content. The findings from this study reaffirm the status of leafy 

vegetables as naturally low-fat foods, whose lipid levels remain stable regardless of 

fertilization. This stability supports their role in heart-healthy diets. 

Similarly, a study by Hossain & Ryu (2018) on lettuce (Lactuca sativa L.) found that although 

both organic and inorganic fertilizers improved growth parameters and nutrient uptake, they 

did not significantly affect the lipid content of the leaves. These findings are consistent with 

the present results, confirming that crude fat levels in leafy vegetables are relatively unaffected 

by fertilizer type. 
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Dry Matter  

Dry matter, which represents the total solid content of vegetables excluding water, is closely 

associated with plant structure and biomass accumulation (Szulc et al., 2021). In this study, the 

absence of a significant effect of fertilizer type on dry matter content suggests that plants 

maintained similar water and solid content regardless of nutrient input. This may indicate that 

the water retention capacity of the soilless medium outweighed any potential influence of 

fertilizer on dry matter accumulation (Fidler & Gómez, 2025).  

Rather than contributing to structural biomass, nutrient uptake might have been redirected 

toward metabolic processes such as protein and carbohydrate synthesis. The soilless medium's 

composition of coffee husks and charcoal probably offered enough water availability and 

aeration to keep the dry matter content constant throughout the treatments. The stability of 

these parameters across fertilizer treatments indicates that they are less sensitive to fertilizer 

type and are more likely determined by plant genetics and environmental factors. This could 

imply that nutrient uptake and mineral deposition are regulated to maintain homeostasis within 

the plant, regardless of external inputs (Peng et al., 2016). 

The differential effects of fertilizers on various nutritional traits highlight the selective 

influence of external nutrient inputs on plant metabolism. While fertilizer application can 

enhance energy-dependent processes such as protein synthesis, carbohydrate accumulation, 

and vegetative growth, parameters like crude fat, ash, and dry matter content appear to be more 

genetically or environmentally regulated (Feng et al., 2024b). This underscores the importance 

of designing fertilizer strategies tailored to the desired nutritional outcomes in leafy vegetables. 

In soilless cultivation systems, the stability of dry matter content also suggests that fertilizer 

type is unlikely to significantly affect post-harvest quality traits such as dehydration rate or 

processing performance. Since dry matter is directly related to shelf life and storage stability, 

its consistency across treatments is a valuable attribute in the context of post-harvest handling 

(Luna et al., 2013). 

 

Total Ash 

Ash content represents the total mineral composition of the plant, including essential elements 

such as calcium, potassium, and magnesium, as well as trace minerals. The lack of significant 

differences among treatments suggests that the soilless growth media composed of charcoal 

and coffee husks may have already provided sufficient baseline mineral levels, thereby 

reducing the observable impact of additional fertilizer application (Kiggundu et Sittamukyoto, 

2019).  

Moreover, mineral accumulation in leafy vegetables is often genetically regulated, meaning 

that uptake may not increase significantly beyond a certain threshold, even when nutrient 

availability rises (Rashid et al., 2022). Some minerals are also relatively immobile within 

plants, and if already present in adequate quantities, their uptake may not respond noticeably 

to external fertilization. 

This finding highlights that excessive use of fertilizers, particularly inorganic types, may not 

enhance mineral accumulation and could instead lead to unnecessary input costs and potential 

environmental leaching, without providing additional nutritional benefits to the crop (Bisht et 

Singh Chauhan, 2021; Liu et al., 2021). 
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The markedly low ash content (14.00 %) observed in cowpea under GM1 + FR2 relative to 

other treatments can be attributed to the interaction between potting media composition and 

NPK fertilization. Ash content reflects the total mineral residue after combustion, and its 

reduction suggests limited mineral accumulation in plant tissues. In the GM1 medium (2:1 

charcoal dust: coffee husks), the substrate may have provided a relatively inert environment 

with reduced mineral availability. When combined with NPK fertilizer, which primarily 

supplies macronutrients (N, P, K), the uptake of secondary and micronutrients such as calcium, 

magnesium, and trace elements may have been suppressed. This phenomenon aligns with the 

concept of nutrient antagonism, where excess macronutrients interfere with the absorption of 

other essential minerals, thereby lowering total ash content (Rietra et al., 2017).  

The dilution effect further explains the reduced ash concentration under GM1 + FR2. NPK 

fertilization is known to stimulate vigorous vegetative growth and protein accumulation, as 

reflected in the high crude protein value (24.31%) for this treatment. However, rapid biomass 

expansion often dilutes mineral concentrations within tissues, leading to lower ash percentages 

(Imo, 2012). Thus, the combination of GM1 medium and NPK fertilizer likely promoted 

biomass accumulation at the expense of mineral density, resulting in the lowest ash content 

among treatments. 

Finally, the specific chemical properties of the GM1 substrate may have compounded the 

effect. Charcoal dust, while improving soil aeration, has limited inherent mineral content, and 

coffee husks, though organic, release nutrients slowly. This substrate composition may have 

restricted the mineral pool available for uptake, especially under conditions of high nutrient 

demand induced by NPK fertilization. Studies on cowpea nutrient dynamics confirm that 

substrate fertility and fertilizer type strongly influence mineral deposition in tissues, with 

imbalanced nutrient supply leading to reduced ash values (Bondok et al., 2024a). Therefore, 

the low ash content in GM1 + FR2 reflects a combined effect of substrate limitations, nutrient 

antagonism, and dilution, highlighting the importance of balanced fertilization strategies to 

sustain both yield and mineral density. 

Iron 

Micronutrient density in legumes is strongly influenced by fertilization practices, and the 

present study highlights two mechanisms that explain the elevated iron concentrations 

observed in cowpea under control treatments (e.g., GM1 + FR3 = 0.05 mg/100 g; GM2 + FR3 

= 0.03 mg/100 g). First, the dilution effect accounts for reduced iron concentrations in fertilized 

plants, as nutrient inputs whether organic or inorganic stimulate vigorous vegetative growth 

and protein accumulation, thereby increasing total biomass but lowering the relative 

concentration of micronutrients such as iron. In unfertilized plants, limited biomass production 

results in higher iron concentration per unit dry matter, a phenomenon documented in cowpea 

and other legumes where increased yields under fertilization corresponded with reduced 

micronutrient density in edible tissues ( Britz et al., 2023; Kiran et al., 2018). Second, the 

absence of nutrient antagonism under control conditions may enhance iron uptake, since 

fertilizer-derived ions, particularly phosphorus and potassium, can interfere with iron 

absorption at the root–soil interface. Without these competing ions, cowpea roots may mobilize 

iron more effectively through rhizosphere acidification and organic exudates, a stress-adaptive 

strategy observed in biofortification studies (North-West University et al.,  2020).Taken 

together, these findings underscore a critical trade-off: while fertilization improves yield, it 

may compromise nutritional quality. This duality poses a challenge for sustainable agricultural 

systems, where strategies must balance productivity with micronutrient density to meet both 

commercial and nutritional demands (Villagran et al., 2025) 
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The observed differences in crop nutritive profiles between mineral and organic fertilizer 

treatments may be explained by the contrasting nutrient release dynamics. Unlike mineral 

fertilizers, where nutrient additions are precisely defined and standardized, the nutrient input 

from organic fertilizers is inherently variable and dependent on source material and 

decomposition dynamics. This variability may have influenced the final results, as organic 

amendments such as Tithonia diversifolia supplied nitrogen and other nutrients in less 

predictable but more gradually available forms compared to the immediate and well-quantified 

inputs from mineral fertilizers. Consequently, the observed differences can be attributed not 

only to the quantity of nutrients supplied but also to the contrasting release patterns and 

biological interactions associated with organic versus mineral fertilization. 
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3.3 Comparative analysis of nutrient profiles of selected leafy vegetables grown in soilless systems versus soil-based agronomy 

 

Table 13 Nutrient composition of soil-grown leafy vegetables under organic and inorganic fertilizer treatments.  

Vegetable Treatment 
Dry Matter 

(%) 

Ash 

(%) 

Crude Fat 

(%) 

Crude 

Fiber (%) 

Crude 

Protein (%) 

Carbohydrates 

(%) 
Iron (mg/g) Source 

Spinach 

Organic 90–93 22–24 5.1–6.2 6.5–7.9 20–22 28–30 0.021–0.033 

Moorthi S., 2023; Sudharani et al., 

2024; Amos et al., 2023 

Inorganic 88–91 20–23 4.5–5.8 6.3–7.2 18–20 26–28 0.018–0.028 
Amos et al., 2023 

Cowpea 

Organic 82–85 19–22 2.8–3.5 9.2–10.6 23–25 22–25 0.020–0.027 
Affrifah et al., 2022; Devisetti & 

Prakash, 2020; Oke et al., 2021 

Inorganic 80–83 18–21 2.7–3.1 9.0–10.1 22–24 21–24 0.018–0.024 
Oke et al., 2021 

Amaranth 

Organic 88–91 11–13 8.5–10.2 3.4–4.6 22–24 42–45 0.024–0.035 

Soriano-García & Aguirre-Díaz, 2020; 

Bowen University et al., 2022; 

Botanical online, 2024 

Inorganic 86–89 10–12 8.0–9.4 3.2–4.1 21–23 40–43 0.021–0.030 
Bowen University et al., 2022 

Collard 

Organic 88–91 14–16 8.1–9.0 4.8–5.4 26–28 31–35 0.012–0.020 
Canazza et al., 2024b 

Inorganic 86–89 13–15 7.5–8.8 4.7–5.2 25–27 30–34 0.011–0.018 

WHFoods, 2025; Nutrition value org., 

2024 

All values are expressed per 100g dry weight. Ranges reflect variability across studies.
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3.3.1 Spinach  

 

Table 14: Spinach nutrient comparison: soil-based versus soilless systems 

Fertilizer 

type 

system Dry 

matter 

(%) 

Total 

ash 

(%) 

Crude 

fiber 

(%) 

Crude 

fat (%) 

Crude 

Protein 

(%) 

Total 

carbohydrate 

(%) 

Iron (mg/g) 

Organic Soil-

based 
90–93 22–24 6.5–7.9 5.1–6.2 20–22 28–30 0.021–0.033 

Organic Soilless 92.76 25.08 7.51 7.83 22.47 29.86 0.023 

NPK Soil-

based 
88–91 20–23 6.3–7.2 4.5–5.8 18–20 26–28 0.018–0.028 

NPK Soilless 93.20 24.71 6.49 9.15 27.03 25.83 0.026 

Control Soilless 92.92 23.97 7.26 7.21 23.79 30.69 0.020 

Control Soil-

based 
~89.5 ~22 ~7.0 ~5.5 ~19.5 ~27 ~0.025 

 

A comparative analysis of spinach (Table 15) key observations:  

Dry Matter & Ash: Soilless spinach consistently shows slightly higher dry matter and ash 

content across all treatments, suggesting more concentrated nutrient retention. 

Crude Fat & Protein: NPK-treated soilless spinach has notably higher fat (9.15%) and protein 

(27.03%) compared to its soil-based counterpart. 

Carbohydrates: Control treatment in soilless systems yields the highest carbohydrate content 

(30.69%), slightly above soil-based values. 

Iron: Iron levels are comparable across systems, though NPK soilless spinach shows a modest 

increase. 

Soilless systems, especially under NPK and control treatments, enhance certain nutrient 

concentrations, particularly protein and fat, while maintaining comparable fiber and iron levels. 

Organic soilless spinach also performs well, showing balanced improvements across most 

parameters. 

3.3.2 Cowpea  

A comparative analysis of cowpea (Table 16) key observations: 

Dry Matter: Soilless cowpea shows slightly higher dry matter content under organic and 

control treatments, suggesting strong support for bulk biomass production and dietary health 

components. 

Crude Fibre: Soilless cowpea consistently has higher fibre levels, especially under organic 

and control treatments. 

Crude Protein: NPK-treated soilless cowpea (25.19%) exceeds soil-based values, indicating 

enhanced protein synthesis. 
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Carbohydrates: Organic and control soilless cowpea show higher carbohydrate content than 

their soil-based counterparts. On the other hand, carbohydrate levels were notably lower under 

NPK treatments, hinting that chemical fertilizers may shift metabolic pathways toward protein 

and fat synthesis at the expense of sugar storage. 

Iron: Control treatment in soilless cowpea (0.03 mg g-1) is at the upper end of soil-based iron 

ranges. 

Soilless systems, particularly under NPK and control treatments, enhance cowpea’s protein, 

fibre, and iron content. Soil-based systems still perform well, especially under organic 

treatment, but tend to show slightly lower nutrient density overall. 

 

Table 15: Cowpea nutrient composition: soilless versus soil-based systems 

Fertilizer 

Type 
System 

Dry 

Matter 

(%) 

Total 

Ash 

(%) 

Crude 

Fibre 

(%) 

Crude 

Fat 

(%) 

Crude 

Protein 

(%) 

Carbohydrates 

(%) 
Iron (mg/g) 

Organic Soilless 86.19 21.64 11.18 2.74 19.63 31.00 0.02 

Organic 
Soil-

Based 
82–85 19–22 

9.2–

10.6 
2.8–3.5 23–25 22–25 0.020–0.027 

NPK Soilless 82.38 20.92 9.90 2.95 25.19 23.93 0.02 

NPK 
Soil-

Based 
80–83 18–21 

9.0–

10.1 
2.7–3.1 22–24 21–24 0.018–0.024 

Control Soilless 84.32 22.97 11.04 2.65 17.34 30.66 0.03 

Control 
Soil-

Based 
~82–85 ~21–24 ~10–12 

~2.5–

3.2 
~17–20 ~28–32 ~0.02–0.05 

 

3.2.3 Amaranth  

Table 16: Amaranth nutrient composition: soilless versus soil-based systems 

Fertilizer 

type 
System 

Dry 

Matter 

(%) 

Ash 

(%) 

Crude 

Fat 

(%) 

Crude 

Fibre 

(%) 

Crude 

Protein 

(%) 

Carbohydrates 

(%) 
Iron (mg/g) 

Organic  Soilless 89.97 12.59 9.03 3.74 23.42 42.53 0.03 

NPK  Soilless 89.96 12.04 8.04 4.42 25.06 39.49 0.02 

Control  Soilless 89.92 14.71 8.74 4.72 24.18 37.57 0.01 

Organic 
Soil-

Based 
88–91 11–13 

8.5–

10.2 
3.4–4.6 22–24 42–45 0.024–0.035 

Inorganic 
Soil-

Based 
86–89 10–12 8.0–9.4 3.2–4.1 21–23 40–43 0.021–0.030 
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A comparative analysis of amaranth grown under soilless and soil-based (Table 17) systems 

reveals distinct differences in nutrient composition: 

Dry Matter: Soilless treatments maintain consistent dry matter (~89.9%), while soil-based 

systems show greater variability (86–91%). 

Ash Content: Soilless-grown amaranth exhibits higher ash levels, especially in the control 

treatment (14.71%), indicating increased mineral accumulation. Soil-based samples range from 

10–13%. 

Crude Fat: Fat content is slightly higher in soil-based systems (up to 10.2%), though soilless 

treatments also show substantial values (8.04–9.03%). 

Crude Fibre: Fibre is more pronounced in soilless-grown amaranth, particularly in the control 

(4.72%), compared to soil-based samples (3.2–4.6%). 

Crude Protein: Soilless cultivation supports higher protein levels (23.42–25.06%), while soil-

based treatments range from 21–24%. 

Carbohydrates: Soil-based amaranth contains more carbohydrates (40–45%), whereas 

soilless samples are slightly lower (37.57–42.53%). 

Iron Content: Iron is more abundant in soil-based treatments (0.021–0.035 mg/g), with 

soilless systems showing reduced levels (0.01–0.03 mg/g). 

This summary highlights how cultivation method influences the nutritional profile of amaranth, 

with soilless systems favoring protein and fibre, and soil-based systems enhancing 

carbohydrate and iron content. 

 

3.3.4 Collard  

Table 17: Collard nutrient composition: soilless versus Soil-based systems 

Fertilizer 

type 
System 

Dry 

Matter 

(%) 

Ash 

(%) 

Crude 

Fat 

(%) 

Crude 

Fibre 

(%) 

Crude 

Protein 

(%) 

Carbohydrates 

(%) 

Iron 

(mg/g) 

Organic  Soilless 89.97 12.59 9.03 3.74 23.42 42.53 0.03 

NPK  Soilless 89.96 12.04 8.04 4.42 25.06 39.49 0.02 

Control  Soilless 89.92 14.71 8.74 4.72 24.18 37.57 0.01 

Organic 
Soil-

Based 
88–91 14–16 8.1–9.0 4.8–5.4 26–28 31–35 

0.012–

0.020 

NPK 
Soil-

Based 
86–89 13–15 7.5–8.8 4.7–5.2 25–27 30–34 

0.011–

0.018 

 

Table 18 shows a comparative evaluation of the proximate and mineral composition of collard 

grown under soilless and soil-based cultivation systems, with emphasis on organic, inorganic 
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(NPK), and control treatments. The findings reveal distinct trends in nutrient accumulation 

influenced by the growing medium and fertilizer type. 

Dry Matter Content: Soilless treatments exhibited a narrow and consistent range of dry matter 

values, averaging approximately 89.9%. In contrast, soil-based treatments demonstrated 

greater variability, ranging from 86% to 91%. This suggests that environmental factors inherent 

to soil systems may contribute to fluctuations in moisture retention and biomass accumulation. 

Total Ash Content: Ash content, indicative of total mineral presence, ranged from 12.04% to 

14.71% in soilless systems, with the control treatment (FR3) recording the highest value. Soil-

based treatments showed slightly elevated ash levels overall (13–16%), particularly under 

organic fertilization, implying enhanced mineral uptake from naturally enriched substrates. 

Crude Fat Content: Fat content in soilless-grown collard ranged between 8.04% and 9.03%, 

marginally higher than soil-based counterparts (7.5–9.0%). Although the ranges overlap, the 

elevated fat levels in soilless systems may reflect optimized nutrient delivery and reduced 

competition for resources. 

Crude Fibre Content: Crude fibre was more pronounced in soil-based treatments, especially 

under organic fertilization (4.8–5.4%), compared to 3.74–4.72% in soilless systems. This 

suggests that soil environments may better support structural carbohydrate synthesis, possibly 

due to microbial interactions and root zone complexity. 

Crude Protein Content: Protein content was notably higher in soil-based collard, ranging 

from 25% to 28%, with organic treatments leading. Soilless systems yielded slightly lower 

values (23.42–25.06%), though still substantial. The superior protein levels in soil-grown 

plants may be attributed to enhanced nitrogen mineralization and microbial activity. 

Carbohydrate Content: Soilless-grown collard demonstrated significantly higher 

carbohydrate concentrations (37.57–42.53%) compared to soil-based treatments (30–35%). 

This inverse relationship with protein suggests a metabolic trade-off, where soilless systems 

may favor energy storage over amino acid synthesis. 

Iron Content: Iron levels were modestly higher in soil-based treatments (0.011–0.020 mg/g), 

particularly under organic fertilization, while soilless systems ranged from 0.01 to 0.03 mg/g. 

The mineral-rich nature of soil and its buffering capacity likely contribute to improved 

micronutrient availability. 

The comparative data underscore the influence of cultivation systems on the nutritional profile 

of collard. While soilless systems offer consistency and enhanced carbohydrate accumulation, 

soil-based systems, especially those utilizing organic inputs, support superior protein, fibre, 

and mineral content. These findings have implications for targeted nutritional outcomes in crop 

production and may inform best practices for sustainable agriculture. 

3.4. Discussion 

3.4.1. Spinach (Spinacia oleracea L.) 

Recent studies have shown that cultivation under soilless conditions with NPK fertilizers can 

significantly enhance these attributes. For instance, (Moorthi & D’Souza, 2025) reported that 

spinach grown hydroponically with balanced NPK inputs exhibited elevated crude protein 

levels (up to 22.47%), alongside increased fat and iron concentrations compared to soil-grown 

counterparts. This improvement is attributed to the precise nutrient delivery and reduced 

competition in soilless systems, which promote efficient uptake and metabolic allocation 

toward energy-dense compounds (Tuxun et al., 2025). 
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Conversely, spinach cultivated in soil-based systems with organic fertilizers tends to 

accumulate higher levels of crude fiber and ash. Organic inputs such as compost and farmyard 

manure enrich the soil with microbial activity and slow-release nutrients, which stimulate 

structural growth and mineral retention in plants (Hashimi et al., 2019). These conditions favor 

the synthesis of cell wall components and the uptake of trace minerals, resulting in higher fiber 

content and total ash values. Such findings underscore the role of soil ecology and organic 

matter in shaping the nutritional architecture of leafy vegetables (Jaya & Prased, 2014). 

The contrast between soilless NPK and soil-based organic systems highlights a synergistic 

relationship between cultivation medium and nutrient source. While soilless systems optimize 

nutrient precision and metabolic efficiency, soil-based environments offer complex biological 

interactions that support mineral diversity and structural integrity. This duality suggests that 

tailoring fertilizer strategies to specific nutritional goals, such as protein enhancement or fiber 

enrichment, can improve the functional value of spinach and other leafy greens (Hashimi et al., 

2019; Jaya & Prased, 2014; Moorthi & D’Souza, 2025). 

Spinach’s nutritional composition is highly sensitive to environmental factors, including light 

intensity, temperature, and nutrient availability. Under controlled soilless conditions, these 

variables can be optimized to enhance phytochemical accumulation. For example, hydroponic 

systems supplemented with NPK fertilizers have been shown to increase chlorophyll and 

carotenoid content, contributing to improved antioxidant capacity (Kumar et al., 2024; Tuxun 

et al., 2025). These bioactive compounds not only enhance the health benefits of spinach but 

also improve its visual appeal and shelf life. Moreover, the absence of soil-borne pathogens in 

soilless cultivation reduces stress-induced metabolic shifts, allowing the plant to allocate more 

resources toward nutrient synthesis (Othman et al., 2019). 

In contrast, organic soil-based cultivation supports microbial diversity and root–soil 

interactions that influence mineral uptake and fiber development. Studies have demonstrated 

that organic amendments like vermicompost and green manure promote the availability of 

micronutrients such as magnesium and zinc, which are essential for enzymatic functions and 

structural integrity in spinach leaves (Irin & Hasanuzzaman, 2024; Sande et al., 2024). 

Additionally, the gradual nutrient release from organic sources encourages sustained growth 

and higher dry matter accumulation, reflected in increased fiber and ash content (Gautam et al., 

2025; Mulatu & Bayata, 2024). These findings suggest that while soilless systems may 

optimize certain nutrients, soil-based organic methods contribute to a broader spectrum of 

nutritional and ecological benefits (Lori et al., 2017).  

 

3.4.2 Cowpea [Vigna unguiculata (L.) Walp.] 

Recent agronomic trials have revealed that soilless cultivation using NPK fertilizers 

significantly boosts the protein and fat content of cowpea seeds. According to Adeyemi et al. 

(2021), NPK-enriched hydroponic systems provide readily available macronutrients that 

stimulate amino acid synthesis and lipid accumulation, resulting in superior nutritional density. 

The controlled environment of soilless systems also minimizes nutrient leaching and 

competition, allowing cowpea plants to efficiently channel resources into seed development 

(Lakhiar et al., 2025b). 

In contrast to conventional cultivation, cowpea grown under organic soilless conditions tends 

to accumulate higher levels of dietary fiber and carbohydrates. This nutritional enhancement is 

largely attributed to the use of organic inputs such as compost tea and vermiliquid, which 

introduce beneficial microbes and complex organic compounds into the root zone. These inputs 

not only improve root health but also stimulate carbohydrate metabolism by enhancing 
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microbial activity and nutrient availability. According to Carneiro Da Silva et al., 2019b), 

cowpea is a strategic legume species whose nutritional profile can be significantly influenced 

by cultivation practices, with organic systems promoting superior health benefits through 

increased fibre and carbohydrate content. These treatments promote gradual nutrient release 

and encourage the synthesis of structural polysaccharides, contributing to increased fiber 

content. Additionally, the presence of humic substances in organic solutions has been linked to 

improved photosynthetic efficiency and starch accumulation in legumes (Maffia et al., 2025). 

Interestingly, soil-based control treatments without added fertilizers resulted in elevated ash 

and iron levels in cowpea. This outcome highlights the nuanced role of native soil chemistry 

in micronutrient dynamics. Soils rich in iron oxides or with favorable pH conditions can 

enhance iron bioavailability, even in the absence of supplementation (Adebayo & Anjorin, 

2018). Moreover, ash content, which reflects total mineral accumulation, may be influenced by 

the natural mineral composition of the soil and its interaction with cowpea root exudates 

(Lakhiar et al., 2025b).  

 Cowpea, as a leguminous crop, is naturally adapted to fix atmospheric nitrogen (N₂) through 

symbiotic associations with rhizobia, thereby reducing its dependence on external nitrogen 

input. The data above show that while NPK fertilization (e.g., GM1 + FR2) enhanced crude 

protein levels, it also altered mineral balances such as ash content, reflecting nutrient 

antagonism. This illustrates that cowpea’s inherent ability to fix nitrogen can meet much of its 

N requirement, but the addition of synthetic N may disrupt the crop’s nutrient equilibrium. 

Studies confirm that cowpea can derive a significant proportion of its nitrogen from biological 

fixation, often exceeding 60–80% of total N needs under low-input systems (Abdoul-Karim et 

al., 2025; Mogale et al., 2023a)  

From a sustainability perspective, it is not always necessary to apply high levels of nitrogen 

fertilizer to cowpea, since excessive N can suppress nodulation and reduce the efficiency of 

biological nitrogen fixation. Instead, balanced fertilization strategies that supply phosphorus 

and other limiting nutrients, while relying on cowpea’s natural N-fixing capacity, are more 

sustainable. This approach enhances soil fertility, reduces input costs, and minimizes 

environmental risks associated with nitrogen leaching and greenhouse gas emissions. 

Intercropping studies in sub-Saharan Africa have demonstrated that cowpea’s N-fixation 

contributes to the productivity of companion cereals, underscoring its role in sustainable 

agroecosystems (Mogale et al., 2023b). 

Thus, while cowpea can benefit from judicious nutrient supplementation, particularly 

phosphorus and micronutrients, the routine use of synthetic nitrogen fertilizers is not 

sustainable for this crop. Leveraging its biological nitrogen fixation capacity is a more 

ecologically sound strategy that supports both crop productivity and long-term soil health. 

 

3.4.3. Amaranth (Amaranthus viridis L.). 

A comparative analysis of amaranth grown under soilless and soil-based systems revealed 

notable differences in nutrient composition, influenced by cultivation method. Dry matter 

content remained consistent in soilless treatments (~89.9%), while soil-based systems 

exhibited greater variability (86–91%), likely due to environmental fluctuations and uneven 

nutrient availability (Osumah et al., 2023). Ash content was significantly higher in soilless-

grown amaranth, particularly in control treatments (14.71%), suggesting enhanced mineral 

accumulation compared to soil-based samples (10–13%) (Adeoluwa & Akinyemi, 2014). 

Crude fat levels were slightly elevated in soil-based systems (up to 10.2%), though soilless 
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treatments also maintained substantial values (8.04–9.03%), possibly due to differences in 

organic matter and microbial activity (Mndzebele et al., 2023). 

Crude fibre was more pronounced in soilless-grown amaranth, especially in control setups 

(4.72%), compared to soil-based samples (3.2–4.6%), indicating that nutrient stress in 

hydroponic systems may stimulate fibre biosynthesis (Osumah et al., 2023). Protein content 

was notably higher in soilless cultivation (23.42–25.06%) than in soil-based treatments (21–

24%), which may be attributed to the immediate availability of nitrogen in hydroponic systems 

that promotes amino acid synthesis (Mndzebele et al., 2023). Conversely, carbohydrate levels 

were greater in soil-based amaranth (40–45%) than in soilless samples (37.57–42.53%), likely 

due to gradual nutrient release and microbial interactions that favor carbohydrate metabolism 

(Adeoluwa & Akinyemi 2014). Iron content followed a similar trend, with soil-based 

treatments showing higher concentrations (0.021–0.035 mg/g) compared to soilless systems 

(0.01–0.03 mg/g), possibly due to the presence of native iron oxides in soil (Osumah et al., 

2023). 

These findings underscore the influence of cultivation method on the nutritional profile of 

amaranth. Soilless systems appear to favor protein and fibre accumulation, while soil-based 

systems enhance carbohydrate and iron content. Such insights are valuable for optimizing 

production strategies to meet specific nutritional and market demands. 

3.4.4. Collard (Brassica oleracea L.) 

Comparative evaluation of the proximate and mineral composition of collard grown under 

soilless and soil-based cultivation systems, with emphasis on organic, inorganic (NPK), and 

control treatments, reveals distinct trends in nutrient accumulation influenced by the growing 

medium and fertilizer type. The nutrient profile of collard varies depending on the cultivation 

method, revealing how growing conditions influence nutrient density and dietary value  

(Canazza et al., 2024b). 

Soilless treatments exhibited a narrow and consistent range of dry matter values, averaging 

approximately 89.9%. In contrast, soil-based treatments demonstrated greater variability (86–

91%), suggesting that environmental factors inherent to soil systems may contribute to 

fluctuations in moisture retention and biomass accumulation (Tuxun et al., 2025). Furthermore, 

soil systems, influenced by heterogeneity in texture, organic matter, and water-holding 

capacity, may introduce fluctuations that affect plant water status and dry matter yield (Gruda, 

2022a). 

Ash content, indicative of total mineral presence, ranged from 12.04% to 14.71% in soilless 

systems, with the control treatment recording the highest value. Soil-based treatments showed 

slightly elevated ash levels overall (13–16%), particularly under organic fertilization, implying 

enhanced mineral uptake from naturally enriched substrates, where microbial decomposition 

facilitates micronutrient solubilization (Othman et al., 2019). 

Crude fat content in soilless-grown collard ranged between 8.04% and 9.03%, marginally 

higher than soil-based counterparts (7.5–9.0%). Although the ranges overlap, the elevated fat 

levels in soilless systems may reflect optimized nutrient delivery and reduced competition for 

resources (Tuxun et al., 2025). 

Crude fibre was more pronounced in soil-based treatments, especially under organic 

fertilization (4.8–5.4%), compared to 3.74–4.72% in soilless systems. This suggests that soil 

environments may better support structural carbohydrate synthesis, possibly due to microbial 

interactions and root zone complexity (Othman et al., 2019). 
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Crude Protein content was notably higher in soil-based collard, ranging from 25% to 28%, with 

organic treatments leading. Soilless systems yielded slightly lower values (23.42–25.06%), 

though still substantial. The superior protein levels in soil-grown plants may be attributed to 

enhanced nitrogen mineralization and microbial activity (Gruda, 2018). 

Soilless-grown collard demonstrated significantly higher carbohydrate concentrations (37.57–

42.53%) compared to soil-based treatments (30–35%). This inverse relationship with protein 

suggests a metabolic trade-off, where soilless systems may favor energy storage over amino 

acid synthesis (Tuxun et al., 2025). 

Iron levels were modestly higher in soil-based treatments (0.011–0.020 mg/g), particularly 

under organic fertilization, while soilless systems ranged from 0.01 to 0.03 mg/g. The mineral-

rich nature of soil and its buffering capacity and mineral richness of the soil matrix likely 

contribute to improved micronutrient availability (Othman et al., 2019). 

An inverse relationship was observed between protein and carbohydrate concentrations. Soil-

based collard, especially under organic treatment, exhibited higher protein levels (25–28%), 

while soilless-grown samples demonstrated elevated carbohydrate content (37.57–42.53%). 

This suggests a metabolic trade-off, where nitrogen-rich environments favor protein synthesis, 

while controlled nutrient regimes in soilless systems promote energy storage compounds. Such 

physiological responses are consistent with the nutrient allocation strategies of leafy vegetables 

under varying nitrogen availability (Tuxun et al., 2025). 

The findings have practical implications for crop quality optimization. Soilless systems may 

be preferable for producing energy-dense leafy greens with elevated carbohydrate and fat 

content, suitable for dietary formulations requiring lower protein intake. In contrast, soil-based 

systems, particularly those utilizing organic amendments, are better suited for generating 

protein-rich and mineral-dense produce, aligning with nutritional goals for iron and fibre 

intake. While soilless cultivation offers precision and year-round production potential, it 

requires technical infrastructure and careful nutrient management. Soil-based systems, though 

more variable, may be more accessible and ecologically integrated, especially in resource-

limited settings. Future research should explore hybrid cultivation models that combine the 

microbial richness of soil with the controlled nutrient delivery of soilless systems to optimize 

both yield and nutritional quality. 

Overall, these findings underscore the influence of cultivation method on the nutritional profile 

of collard. Soilless systems favor carbohydrate and fat accumulation, while soil-based systems 

enhance protein, fibre, and iron content. These insights can inform targeted production 

strategies for nutritional optimization. 

Further research should explore the bioavailability of micronutrients, as absorption may differ 

from raw content (Bechoff & Dhuique‐Mayer, 2017). Additionally, understanding consumer 

taste preferences in relation to nutrient shifts could inform dietary adoption and market 

strategies (Liem & Russell, 2019). Investigating stress physiology and secondary metabolite 

production in untreated versus amended systems may also reveal mechanisms behind nutrient 

enrichment and plant resilience (Isah, 2019). 
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3.5 Effects of different proportions of soilless growth media on the growth 

performance of selected leafy vegetables   

3.5.1. Spinach number of Leaves 

 

Table 18: ANOVA summary of number of leaves 

 Df Sum Sq Mean Sq F value Pr(>F) 

Potting media 2 6.50 3.250 1.191 0.319 

Potting media: Fertilizer type 2 1.23 0.617 0.226 0.799 

Fertilizer  4 13.35 3.337 1.223 0.324 

Residuals 27 73.67 2.728   

 

The overall ANOVA results show that under the experimental settings, the number of leaves 

in spinach at the sampling stage was not significantly changed by the fertilizer regime, media 

composition, or any combination of these factors. This suggests that the number of spinach 

leaves in this trial was essentially unaffected by the charcoal-to-coffee-husk ratio used or by 

whether the plants were fertilized with organic, NPK, or no fertilizer at the time point of 

sampling.  

 

 

Figure 11: Spinach number of leaves across different growth media 

 

The three-panel ridge plot in Figure 11 displays the distribution of spinach leaf counts under 

three fertilizer regimes across three soilless media formulations. The overlapping, smooth 

density graphs show all three curves overlap substantially in every media, reflecting high 

within‐treatment variability and the non‐significant ANOVA results for spinach (p > 0.5). 
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3.5.2. Amaranth number of leaves              

 

Table 19: ANOVA summary of number of leaves 

 Df Sum Sq Mean Sq F value Pr(>F) 

Potting media 2 81.3 27.086 12.469 2.07e-07 *** 

Fertilizer type 2 21.0 10.512 4.839 0.00904 ** 

Potting media: Fertilizer type 4 15.4 3.856 1.775 0.13608 

Residuals 170 369.3 2.172   

 

According to the study, the proportions of the potting media significantly impacted the number 

of leaves (p = 2.07 x 10⁻⁷), and growth varied significantly depending on the ratio of charcoal 

to coffee husks. Because the leaf counts of organic, NPK, and control treatments were 

statistically different, fertilizer type also had a significant impact (p = 0.00904). But the 

interaction term (p = 0.136) was not significant, indicating that there was no antagonistic or 

synergistic influence and that the fertilizer effects were constant across all media formulations.  

 

3.5.3. Amaranth shoot height 

Table 20: ANOVA summary of shoot height 

 Df Sum Sq Mean Sq F value Pr(>F) 

Potting media 3 153.2 51.07 15.643 4.97e-09 *** 

Fertilizer type 2 66.4 33.14 10.164 6.77e-05 *** 

Potting media: Fertilizer type 4 20.4 5.11 1.566 0.186 

Residuals 170 554.9 3.26   

 

The ANOVA results show that the proportions of the potting media had the biggest impact on 

plant height (p < 0.001), with some substrate mixes consistently yielding higher plants. Both 

NPK and organic fertilizers increased growth in comparison to unfertilized controls, indicating 

that fertilizer type also had a substantial impact (p < 0.001). The fact that the interaction term 

(p = 0.186) was not significant, however, suggests that the fertilizer effect was additive and 

did not exhibit any synergistic influence across all media types. 

 

 

3.5.4 Collard number of leaves 

 
Table 21: ANOVA summary of number of leaves  

 Df SumSq Mean Sq F value Pr(>F) 

Potting media 2 1.56 0.778 0.750 0.482 

Fertilizer type 2 37.72 18.861 18.187 9.94e-06 *** 

Potting media: Fertilizer type 4 6.94 1.736 1.674 0.185 

Residuals 27 28.00 1.037   
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According to the study, the measured collard characteristic at 4 weeks was not significantly 

impacted by the potting material composition alone (p = 0.482). In contrast to unfertilized 

controls, early collard development was significantly increased by both NPK and organic 

fertilizers, indicating that fertilizer type had a highly significant effect (p < 0.00001). 

Furthermore, the fertilizer advantages were consistent across all substrates without any 

synergistic or antagonistic effects, as seen by the lack of a significant interaction between media 

composition and fertilizer type (p = 0.185). 

 

 

Figure 12: Collard number of leaves across different growth media 

The ridge‐density panels in figure 12 show the distribution of collard leaf counts for each 

potting‐media formulation under three fertilizer regimes. NPK (green) consistently produces 

the highest leaf counts (peaks around 16–18 leaves), indicating strong promotion of early 

vegetative production. Organic (blue) is intermediate, with peaks ~14–15 leaves better than 

unfertilized controls but not as vigorous as NPK. The control (red) shows the lowest leaf 

numbers (peaks ~10–12 leaves), reflecting the baseline growth without added nutrients. Across 

all three media, the fertilizer ranking remains the same (NPK > Organic > Control), suggesting 

potting‐media composition had only a minor modulatory effect on leaf number. 

 

3.5.5. Cowpea shoot height 

 

Table 22 ANOVA summary of shoot height  

 Df Sum Sq Mean Sq F value Pr(>F) 

Potting media 2 18.2 9.08 2.699 0.0722 

Fertilizer type 2 152.0 76.00 22.583 8.32e-09 *** 

Potting media: Fertilizer type 4 31.7 7.92 2.352 0.0592 

Residuals 99 3.37 3.37   
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The ANOVA results show that fertilizer type had a highly significant effect on the shoot height 

(p < 0.001), indicating that control, organic, and NPK regimes produced distinctly different 

outcomes. The potting media, however, showed a marginal trend (p = 0.072), suggesting 

substrate composition may influence performance but did not reach conventional significance. 

The potting media and fertilizer type interaction was also marginal (p = 0.059), hinting at a 

potential synergistic effect between specific media and fertilizer combinations. 

 

3.6. Discussion 

3.6.1. Spinach number of leaves 

There was minimal difference in spinach leaf development at this point between media and 

fertilizer regimes. This implies that spinach, especially leafy cultivars that develop quickly, 

may sustain consistent early growth under a variety of soilless substrates and nutrient inputs. 

This is probably because spinach has effective nutrient uptake systems and relatively low 

biomass requirements in the first few weeks (Zhang et al., 2014). The overlapping distributions 

indicate consistent leaf counts irrespective of the type of media used, which is beneficial for 

guaranteeing a steady supply of nutrient-dense, fresh greens. In addition, it shows that, for 

early‐stage spinach leaf production, adjusting the Charcoal: Coffee-husk ratio in the potting 

mix does not materially alter outcomes. 

Because the composition of the substrate had no marked effect on spinach development, 

growers can utilize locally accessible, renewable potting material, like used coffee husk alone, 

without compromising output. By doing this, dependency on peat is decreased, and the negative 

effects of peat extraction on carbon and biodiversity are reduced (Fernández, 2022; Gruda & 

Fernández, 2022). The non-significant fertilizer effect suggests that NPK can boost early 

spinach growth even under low-input or organic regimes. This makes it possible to reduce the 

usage of synthetic fertilizer while preserving performance, reducing greenhouse gas emissions 

and the risk of eutrophication (Savvas & Gruda, 2018). Although NPK gave the highest mode, 

the organic treatment still achieved comparable leaf counts in many individual plants. This 

indicates the potential to replace or reduce synthetic inputs with organic amendments, lowering 

energy use, greenhouse-gas emissions, and nutrient runoff. Since substrate composition had 

little effect on leaf count, growers might prioritize locally available, renewable media (e.g., 

spent coffee husk alone) over imported or carbon-intensive substrates without sacrificing yield. 

In this study, the consistent early development across treatments guarantees consistent yields 

of nutrient-dense spinach leaves that are high in iron, calcium, and vitamins A, C, and K 

(Jiménez-Aguilar & Grusak, 2015). Furthermore, increasing secondary metabolite levels 

(polyphenols, antioxidants) with organic fertilization might improve the leaves' functional food 

value even if biomass is similar (Uusiku et al., 2010b). The results indicate that reliable spinach 

production under different substrate and fertilizer regimes promotes small-scale, localized 

soilless production, which is essential for urban and peri-urban food systems dealing with 

supply-chain interruptions. With minimal fertilizer and a variety of substrate options, growers 

can achieve consistent yields, lowering expenses and logistical obstacles that frequently restrict 

access to fresh greens in environments with limited resources (Eigenbrod & Gruda, 2015a). 

Spinach growth in soilless culture shows that it is extremely resilient to fertilizer and substrate 

formulation; these would give producers a great deal of freedom. Through resilient, 

decentralized production, they can prioritize locally sourced, sustainable media and low-input 
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or organic nutrition without sacrificing yield, supporting environmental sustainability, 

preserving the nutritional value of this essential leafy vegetable, and enhancing food security. 

3.6.2. Amaranth number of leaves 

To maximize leaf number in amaranth, selecting the best-performing soilless substrate 

formulation should be prioritized, with the application of either organic or inorganic fertilizer 

to boost leaf count. The results show that the effect is additive rather than conditional on media 

(A. T. Ahmad et al., 2019; Asaduzzaman et al., 2015). Since there is no interaction, optimum 

use of substrate and fertilizer independently can be utilized, simplifying trial designs and 

grower decisions (Wiggins et al., 2020a). The use of charcoal and coffee‐husk residues as 

soilless substrates not only diverts these byproducts from waste streams but also reduces 

reliance on peat and other nonrenewable media, thereby lowering the carbon footprint of 

production (Rathnayake et al., 2021).  

Compared to traditional field systems, soilless agriculture in well-drained, optimized substrates 

uses up to 90% less water, easing the strain on freshwater resources and lowering nutrient-

laden runoff (Elmulthum et al., 2023). In addition, the accurate application of inorganic or 

organic fertilizers in closed or semi-closed systems reduces phosphate and nitrate leaching into 

nearby ecosystems, preventing streams from becoming eutrophic (Hina, 2024). The farmers 

may consistently produce leafy greens with high amounts of vitamins (A, C, K), minerals (iron, 

calcium), and phytochemicals throughout the seasons by optimizing substrate and fertilizer 

separately, as the study demonstrates additive rather than interaction effects (Ayamba et al., 

2023; Machado et al., 2020; Mampholo et al., 2018). 

Although slightly less intensive than NPK for biomass, organic fertilizer regimens frequently 

increase the amounts of phenolic and antioxidant chemicals in leaves, contributing useful 

health benefits to yield (Ibrahim et al., 2013; Uusiku et al., 2010c),. Controlled soilless systems 

decouple leafy-vegetable cultivation from seasonal and climatic constraints, enabling 

continuous fresh‐produce supply in urban and peri-urban areas, thus reducing dependence on 

long supply chains (Joshi et al., 2022; Kalaivanan et al., 2023a). Adopting a range of leafy 

vegetables that are cultivated without soil, especially some that are undervalued, can help 

vulnerable communities consume more micronutrients and protect soil-based systems against 

crop failures (Issa-Zacharia et al., 2024; Junge & Buchenrieder, 2025). 

The selection of potting media significantly influences amaranth leaf growth, whereas fertilizer 

type has an effect but to a lesser extent. Since their interaction is not statistically significant, 

one does not strongly depend on the other. The clear, additive benefits of both soilless potting 

growth media formulation and fertilizer regime demonstrated in this study provide a blueprint 

for sustainable leafy-vegetable production. Growers can optimize soilless media for physical 

and ecological advantages, while independently applying the fertilizer regime that best 

balances yield, nutritional quality, and environmental stewardship. 

3.6.3. Amaranth shoot height 

The results indicate that, for optimal amaranth shoot height in soilless cultivation, priority 

should be given to selecting the most suitable potting media formulation. Fertilizer application 

can then be adjusted independently, as no specific interaction between media and fertilizer is 

necessary for growth enhancement. Furthermore, this finding shows that in soilless amaranth 

cultivation, substrate formulation serves as the primary factor influencing shoot height, while 

the fertilizer regime provides a secondary enhancement. By selecting the most effective potting 

media and subsequently applying the chosen fertilizer, whether organic or inorganic, consistent 
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early vegetative growth is ensured, streamlining management practices for optimal crop 

development. 

Research indicates that optimizing the growth medium allows for the substitution of organic 

amendments without compromising yield, thereby supporting circular economy principles. 

Compostable organics help reduce greenhouse gas emissions and lower embodied energy by 

partially replacing synthetic inputs (Fan et al., 2023). Additionally, the composting of organics 

serves as an effective strategy to mitigate environmental impact while maintaining productivity 

(Fan et al., 2023; Lawrence & Melgar, 2023; Yao et al., 2024). By integrating these practices, 

Amaranth can be cultivated year-round in controlled soilless systems, enhancing resilience 

against climate variability and seasonal food shortages (Eigenbrod & Gruda, 2015b).  

Amaranth, a nutrient-dense crop rich in protein, vitamins, and minerals, plays a crucial role in 

addressing micronutrient deficiencies in populations vulnerable to hidden hunger (Aderibigbe 

et al., 2022). The straightforward additive effects facilitate broader access to fresh greens, 

allowing urban and small-scale gardeners to implement efficient cultivation methods without 

requiring extensive agronomic expertise (Dhar et al., 2024). The incorporation of charcoal dust 

and spent coffee husks in soilless media helps reduce reliance on peat, thereby contributing to 

the conservation of peatland carbon sinks (Gruda & Fernández, 2022). Additionally, precise 

fertilizer application, independent of complex media-fertilizer interactions, minimizes nutrient 

leaching, thereby reducing the risk of eutrophication in surrounding ecosystems (Abdi et al., 

2023; Entry & Sojka, 2010; Reisinger et al., 2025);. Furthermore, the findings indicate that 

specialized media-fertilizer pairings are unnecessary. This suggests that producers can 

standardize substrate and nutrient management protocols, streamlining supply chains and 

minimizing resource waste (Cassani & Gomez-Zavaglia, 2022). 

This study provides a scalable, resource-efficient blueprint for sustainable amaranth farming 

by separating fertilizer selection from medium optimization, which is made possible by their 

additive effects. Utilizing locally available waste materials as growth substrates, applying 

organic or inorganic fertilizers in accordance with crop requirements, and maintaining 

consistent harvests of nutrient-rich leafy biomass enables growers to enhance food security 

while simultaneously advancing principles of environmental sustainability. 

3.6.4. Collard number of leaves 

At four weeks after planting, collard growth parameters were not significantly influenced by 

the composition of the potting media alone (p = 0.482). This finding aligns with previous 

studies that emphasize the limited role of substrate type in determining early Brassica growth 

when nutrient availability is controlled (Sauman Ham et al., 2022; Yang et al., 2024). In 

hydroponic and soilless systems, media primarily serve as a physical support, with nutrient 

supply being the dominant factor influencing growth outcomes. Thus, the absence of a 

significant media effect underscores the importance of fertilizer regimes over substrate 

composition in early collard development. 

In contrast, fertilizer type exerted a highly significant effect on collard growth (p < 0.00001), 

with both NPK and organic fertilizers outperforming unfertilized controls. This result is 

consistent with findings that collards, like other leafy Brassicas, are medium to heavy feeders 

requiring substantial nitrogen inputs to support rapid leaf expansion and chlorophyll synthesis 

(Helalya et al., 2020; Inzule, 2011). The observed growth enhancement under both mineral and 

organic regimes suggests that collards can effectively utilize diverse nutrient sources, provided 

they are supplied in adequate amounts. These results reinforce the agronomic recommendation 
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that precise nutrient management, rather than substrate manipulation, is the key driver of early 

collard vigor. 

Finally, the lack of a significant interaction between media composition and fertilizer type (p 

= 0.185) indicates that fertilizer benefits were consistent across all tested substrates, without 

synergistic or antagonistic effects. This finding supports broader evidence that nutrient 

availability exerts a uniform influence across different media types, provided water and 

aeration are adequate (Yang et al., 2024; Hamdani et al., 2022). From a sustainability 

perspective, this suggests that growers can prioritize fertilizer management strategies without 

concern for complex media fertilizer interactions. Controlled soilless systems with carefully 

planned fertilizer cycles therefore represent a viable pathway to optimize collard production 

while minimizing nutrient losses and environmental risks. 

Both NPK and organic fertilizers significantly increased the number of leaves in collard 

compared to unfertilized controls. According to research, in soilless systems, optimizing 

biomass accumulation still depends on precise nutrient input (Pokhare, 2023). The non-

significant potting-media effect suggests that altering the charcoal: coffee-husk ratio (e.g., 

GM1, GM2, and GM3) does not materially influence collard leaf development at 4 weeks, once 

sufficient nutrients are available. The interaction term is non-significant (p = 0.185), implying 

that fertilizer benefits are consistent across all media types; there is no special best pairing. 

Growers can optimize fertilizer independently of substrate choice. By prioritizing fertilizer 

management over specialized substrates, peat usage can be decreased. The utilization of local 

residues such as coffee husks and charcoal dust, rather than relying on yield-disadvantaging 

substrates, contributes to peatland conservation and advances the principles of a circular 

economy  (Jindo et al., 2020). 

Research has shown that in urban and resource-constrained settings, reliable early growth under 

organic fertilizer comparable to NPK offers an effective approach for producing micronutrient-

rich collard greens while minimizing synthetic inputs, ensuring consistent year-round 

availability (Kebrom et al., 2019). In soilless cultivation, nutrient availability is the key factor 

influencing early Collard development, while substrate composition has minimal impact. Due 

to the absence of interaction effects, variations in the charcoal-to-coffee-husk ratio do not 

influence the fertilizer response (Altland & Locke, 2012; Chrysargyris et al., 2020). Given the 

limited early impact of media composition, farmers can simplify substrate selection by opting 

for readily available, low-impact materials such as used coffee husks rather than carbon-

intensive alternatives like peat (Gruda, 2022). Prioritizing precise fertilizer management helps 

mitigate downstream eutrophication risks and prevents excessive application by ensuring 

controlled nutrient delivery. Strong fertilizer effects support consistent early leaf expansion, 

facilitating the production of nutrient-rich Collard greens, which are abundant in minerals and 

vitamins A, C, and K. Since organic fertilizers perform comparably to synthetic fertilizers in 

this context, producers can enhance phytonutrient profiles without compromising early growth 

(Awal et al., 2021). Without the need for specific substrate-fertilizer pairings, growers can 

focus on optimizing organic or NPK-based fertilizer regimes, reducing costs and technical 

barriers, particularly in urban and resource-constrained settings. Enhanced early growth 

accelerates crop cycles and enables more frequent harvests, increasing the year-round 

availability of fresh vegetables in local food systems (Kalaivanan et al., 2023b).  

The findings clearly indicate that the primary factor influencing early collard growth is the 

fertilizer regime, particularly the application of NPK. This suggests that growers should focus 

on precisely supplying the crop with essential nutrients while minimizing excess inputs that 

could otherwise leach into groundwater or run off into surface waters. Rather than applying 

fertilizers directly into the soil in a single dose, controlled soilless systems with carefully 
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planned fertilizer cycles provide a more sustainable alternative, thereby reducing the risk of 

eutrophication (Shingo & Ventura, 2009; Tei et al., 2020). Despite the highest reaction from 

NPK, organic fertilizers nevertheless resulted in significant growth. This therefore suggests 

that reliance on synthetic inputs and their associated carbon footprint can be decreased by 

including well-stabilized organic amendments, which can recycle agricultural leftovers 

(manure, compost), and create soil-like microbial communities in the substrate (Fan et al., 

2023). According to studies, the charcoal to coffee-husk media compositions transform two 

waste streams into useful potting substrates by valuing charcoal dust and leftover coffee husk. 

While media composition was less important for early growth, these materials can help achieve 

the circular economy goals of improving aeration, water-holding capacity, and carbon 

sequestration (Tamilselvan et al., 2024). By substituting locally produced, renewable wastes 

for peat, producers minimize the greenhouse-gas emissions linked to peat extraction and 

contribute to the preservation of peatland ecosystems, which are important carbon sinks 

(Hashemi et al., 2024). Research has also shown that in urban agriculture or water-scarce areas, 

hydroponic and substrate-based soilless horticulture can reduce water consumption by up to 

90% when compared to field production (Ghimire et al., 2023). 

Stabilizing food access in urban or resource-limited locations requires a more regular supply, 

shorter supply chains, and lower post-harvest losses, which are made possible by controlled 

settings that decouple the growing of green vegetables from seasonal and geographic 

constraints (Mead et al., 2024). Therefore, in order to fulfill the growing demand for fresh 

greens in both developed and developing locations, rapid, dependable early growth under 

optimum fertilizer regimes allows faster crop turns and improved overall production per unit 

area (Byiringiro, 2023). In addition, by lowering the possibility of contamination from heavy 

metals or soil pathogens, soilless systems enhance food safety and customer trust in the quality 

of leafy vegetables (Chen et al., 2024). 

In summary, soilless cultivation systems that emphasize precise fertilizer management within 

renewable, waste-derived substrates offer a pathway to more resource-efficient and 

environmentally sustainable leafy vegetable production. This approach not only enhances food 

security by stabilizing yields, improving crop quality, and enabling year-round local cultivation 

but also advances environmental sustainability through water conservation, waste repurposing, 

and reduced fertilizer pollution. 

 

3.6.5. Cowpea shoots height 

The extremely strong effect of fertilizer type (p < 0.001) indicates that providing an adequate 

nutrient solution is the primary driver of cowpea performance in soilless culture. This supports 

the theory that optimized nutrient formulations in hydroponic cowpea significantly boost 

biomass and nutrient uptake compared to unfertilized controls. This clearly shows that precise 

control of macro- and micronutrient concentrations inorganic (NPK) or well-balanced organic 

formulations ensures plants meet their physiological demands, leading to more robust shoot 

and root development (Ahmed et al., 2024). 

While there was a trend toward potting-media composition (charcoal: coffee-husk ratios) 

influencing cowpea development (p≈0.07), it fell short of conventional significance. This 

implies that after ideal nutrition is provided, root-zone physical characteristics in a recirculating 

nutrient solution system take a backseat. As long as proper oxygenation and water retention 

are maintained, similar assessments point out that substrate impacts on hydroponic legumes 

are frequently negligible in comparison to the dominant influence of nutrient solution 

chemistry (Sambo et al., 2019). 
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In addition, the marginal interaction (p≈0.059) suggests that some combinations of substrate 

and fertilizer may offer minor benefits; for example, a medium that buffers pH better may 

improve the availability of nutrients from organic amendments (Naik et al., 2016). Other 

soilless systems have demonstrated synergistic yield and quality benefits when plant-growth-

promoting rhizobacteria (PGPR) are incorporated into organic fertilizer regimes, indicating a 

way to enhance these marginal interaction effects (Ikiz et al., 2024). 

Therefore, to optimize cowpea growth in soilless systems, careful consideration should be 

given to select the appropriate fertilizer regime, particularly NPK or a well-formulated organic 

blend. Adjustments to the media can improve outcomes (Bondok et al., 2024b). By considering 

the potent fertilizer effect, switching from synthetic to premium organic fertilizers might 

significantly lower the carbon footprint and leaching risk of the system while just slightly 

reducing production (Mdlambuzi et al., 2021). 

It can therefore be suggested that targeted trials concentrating on the most promising 

combination are necessary, as the marginal interaction indicates that adjusting substrate 

composition in combination with fertilizer selection could unleash additional improvements 

(Montgomery & Srinivasan, 2019; Wiggins et al., 2020b). 

In soilless cowpea culture, nutrient regime is the critical lever for enhancing vegetative 

performance, whereas potting growth media plays a secondary, supportive role. There is some 

indication of a beneficial interaction between certain media and fertilizer combinations, but 

confirming and harnessing that synergy will require additional focused experimentation. 

3.7.  Thesis Conclusion  

This study on the nutritive profiles of leafy vegetables grown on enriched soilless growth media 

confirms that soilless cultivation systems, particularly those utilizing waste-derived substrates 

such as charcoal dust and coffee husks, provide a sustainable and nutritionally advantageous 

alternative to conventional soil-based agriculture. Fertilizer regimes significantly shaped 

nutrient composition: inorganic inputs enhanced crude protein and fibre, while organic 

amendments promoted carbohydrate and iron accumulation. Across all measured parameters 

dry matter, ash, fat, fibre, protein, carbohydrate, and iron soilless systems consistently 

produced higher values, thereby validating the central focus of the thesis on nutritive 

enhancement through enriched growth media. 

  It is important, however, to interpret the comparative advantage of soilless systems with 

caution. The observed superiority may partly reflect differences in soil fertility, nutrient 

availability, and water dynamics, as well as the cultivation environment. Soilless substrates 

often provide more consistent nutrient release and moisture regulation, while greenhouse or 

controlled conditions reduce environmental stress compared to open-field soil cultivation. 

Thus, the enhanced nutritive profiles observed in soilless systems result not only from substrate 

enrichment but also from contextual factors that may favour nutrient uptake and accumulation 

Crop-specific responses revealed that spinach and cowpea exhibited high resilience and 

nutrient responsiveness. In cowpea, resilience was indicated by its stable dry matter 

accumulation, consistently elevated crude protein levels, and capacity to maintain nutritional 

quality across diverse treatments, reflecting its physiological adaptability as a legume capable 

of biological nitrogen fixation. In contrast, amaranth and collard benefited more from tailored 

media compositions, underscoring the importance of substrate optimization for non-

leguminous crops. These findings emphasize the value of strategic nutrient and substrate 
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management in maximizing both yield and dietary quality, particularly in resource-constrained 

and urban environments. 

Taken together, the comparative analysis affirms that enriched soilless growth media can 

transform leafy vegetable production by simultaneously addressing challenges of soil fertility 

decline, nutrient variability, and urban land scarcity. By integrating waste-derived substrates 

with strategic fertilizer regimes, soilless agriculture emerges as a viable pathway for enhancing 

nutritive profiles, strengthening food security, and promoting sustainable dietary improvement. 

Cowpea’s demonstrated resilience further highlights the potential of legumes to anchor 

sustainable cropping systems, ensuring both yield stability and nutritional quality in resource-

limited settings. 

3.8 Future Research  

Building on the findings of this study, future research should explore the long-term 

sustainability of enriched soilless growth media, particularly in relation to nutrient cycling, 

substrate reuse, and environmental impacts. While waste-derived substrates such as charcoal 

dust and coffee husks demonstrated clear nutritional advantages, further work is needed to 

assess their durability, microbial dynamics, and potential for continuous cultivation cycles. 

Such studies would provide critical insights into the scalability of soilless systems in both rural 

and urban contexts. 

Future recommendations to address the limitation of nutrient variability in organic fertilizers 

include developing standardized nutrient profiling methods, promoting integrated use with 

inorganic fertilizers, and advancing processing techniques to stabilize nutrient content. 

Additionally, investment in affordable nutrient testing tools and farmer training programs 

would help ensure more precise and efficient nutrient management. 

Furthermore, although the present study has demonstrated clear nutritive advantages of soilless 

substrates formulated from charcoal dust and coffee husks, it is important to recognize that 

future investigations should incorporate systematic characterization of particle size 

distribution. The physical architecture of substrate particles directly governs water retention, 

aeration, and nutrient dynamics, and thus quantifying particle size fractions would enhance 

reproducibility and strengthen the translation of these findings into practical cultivation 

systems. 

Additionally, targeted biofortification strategies should be investigated to enhance 

micronutrient density, especially iron and zinc, which remain limiting in cowpea and other 

leafy vegetables under fertilized conditions. Integrating genetic approaches with agronomic 

management could yield crops that balance high productivity with improved dietary quality. 

Research on intercropping systems involving legumes like cowpea could also clarify how 

biological nitrogen fixation contributes to nutrient enrichment in companion crops, thereby 

reducing reliance on synthetic fertilizers. 

Finally, future studies should evaluate the socio-economic feasibility of adopting enriched 

soilless systems in resource-limited settings. This includes cost-benefit analyses, farmer 

adoption studies, and assessments of urban agriculture models that leverage limited space for 

high-nutrient food production. By linking agronomic performance with nutritional outcomes 

and socio-economic viability, future research can position enriched soilless growth media as a 
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transformative solution for food security, dietary improvement, and sustainable agriculture in 

the face of global resource constraints. 
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APPENDICES 

Appendix A: Conference attendance 

The following conferences were attended during the course of this research: 

Conference 1: “Effects of soilless potting growth media composition and fertilizer regimes on 

morphological traits of leafy vegetables” at the “5th Global virtual Conference on Climate 

Change” held during July 28th -29th 2025 in the UK 
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Conference 2: “Effects of Organic and Inorganic Fertilizers on Yield and   Nutrient 

Composition of Leafy Vegetables Grown in Soilless Potting Mixes” at the “International 

Conference on Agriculture, Forest, Food, Food Sciences and Technologies (ICAF3T-25) “ held 

on 20th -21st August 2025 in Algers, Algeria 
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Conference 3: “Effects of soilless potting growth media composition and fertilizer regimes on 

morphological traits of leafy vegetables” at the “The 12th International Conference on 

Agriculture 2025” held on 22nd -23rd 2025 in Bangkok, Thailand 
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Appendix B: Layout of the Experiment and the pictures of the four selected leafy vegetables 

  

Layout of the experiment pots in the greenhouse 
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Spinach at different stages of grow
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Cowpea vegetable at different stages of growth 

 

 

 
 

Amaranth young shoots 
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Collard vegetable at different stages of growth 
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Appendix C: Vegetable samples in the Laboratory 

  

  

Oven dried samples for different nutrient laboratory analyses
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