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ABSTRACT

Farmers in developing countries are rapidly adopting greenhouse tomato (Solanum lycopersicum L.) production for high productivity and fruit quality. However, soil borne pests and pathogens, and nutrient depletion limit the productivity of soil grown tomato. Containerized tomato production using biosolids from treated sewage may alleviate the aforementioned problems. Four experiments were conducted at Egerton University to evaluate the potential of biosolids (BS) from the university sewage sludge as a potting substrate for greenhouse tomato production. The first experiment compared BS from Egerton University Wastewater Treatment Plant (WWTP) with forest soil (FS), coco peat (CP) and tea compost (TC) in a completely randomized design to determine its suitability for crop production in terms of physico-chemical and biological properties. The second experiment determined the effect of biosolids-forest soil mixing rates of 0%, 10% (1:10), 20% (1:5), 30% (3:10), 40% (2:5), 50% (1:2) and 60% (3:5) (v/v), on tomato seedling emergence and growth in a randomized complete block design (RCBD) with four replications. The third experiment determined the effect of biosolids-blended forest soil and NPK fertilizer on growth and fruit yield of greenhouse tomato in a split plot embedded in RCBD replicated four times. The rates of NPK fertilizer (0, 100 and 200 kg ha-1) and BS (0%, 10%, 20%, 30%, 40% (v/v)) were the main plot and subplot factors respectively. The fourth experiment evaluated the impact of BS treatment combinations used in experiment three on postharvest quality and safety of tomato. Harvested tomato fruits were subjected to laboratory analyses for postharvest quality and safety (heavy metal accumulation and biological contaminants). The results revealed that BS was comparable or superior to commercial substrates (CP and TC) in a number of physico-chemical and biological properties. Addition of BS to FS at the rate of 30% was not significantly different from TC in enhancing tomato seedling emergence and growth. Enhanced tomato growth and yield as well as superior postharvest quality and safety of fruits were consistently achieved by combining BS-blended FS at 10% with NPK at100 kg ha-1. However, this treatment combination was not different from BS-blended FS at 30% without NPK fertilizer for some growth and postharvest parameters. Biosolids-blended FS at 10% with application of NPK fertilizer at 100 kg ha-1 is recommended for potted greenhouse tomato. Where fertilizer is unavailable, BS-blended FS at 30% can be used as a potting substrate for transplants and greenhouse tomato production.
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CHAPTER ONE

INTRODUCTION

1.1 Background Information

Tomato (Solanum lycopersicum L.) is an important vegetable crop of the world, widely used as salad as well as for cooking purposes. Tomato is high in such as Na, K, Fe, vitamin A and C and health promoting antioxidants especially lycopene and salicylate (Afzal et al., 2013). In FAOSTAT (2018) report, the world production stood at 182.2 Million tones per year and by continental ranking Asia was leading followed by America, Europe, and Africa being the fourth (Figure 1.1). 

[image: image1]
Figure 1.1. Global tomato production (Million Tonnes) 
Source: FAOSTAT (2018).
In terms of production in the year 2018 (Figure 1.2), Kenya was rated 7th amongst the leading countries in sub-Saharan Africa with 599,458 tonnes per year (FAOSTAT, 2018). Furthermore, tomato constitutes 7% of the total horticultural produce in Kenya and 14% of the entire vegetable produce (Ochilo et al., 2019). 

[image: image2]
Figure 1.2. Tomato production in Kenya by continental ranking.
Source: FAOSTAT (2018).
Kenya is rated far below the developed countries and this may be due to challenges related to costly planting materials, lack of awareness in the use of integrated nutrients and pest management practices (Khan et al., 2014). These challenges lead to the trend observed in Figure 1.3.


[image: image3]
Figure 1.3. Tomato production in thousand tonns between 1999 and 2018 in Kenya.
Source: FAOSTAT (2018).
Tomato remains the leading greenhouse vegetable crop both in Kenya and all over the world. It can be grown in soil or soilless media (Mardi et al., 2002; Oztekin et al., 2007).  However, under soil-based production, normally there is nutrient depletion through plant uptake and leaching beyond the root-zone of vegetable crops (Kirimi et al., 2011), resulting in reduced yield and quality in the following season. Wachira et al. (2014) reported that field tomato production system in Kenya is prone to adverse effects of weather such as, drought, insect pests and diseases and poor nutrition; consequently, the average tomato yield is 15 t ha-1, which is half the global production level of 30.7 t ha-1. 

Tomato growers target high yields and fruit quality, and this can only be achieved if critical production factors are optimized. These factors include water and mineral nutrient management, pathogen management, other cultural practices, and favourable climatic conditions (Bombiti, 2006). Hence, to increase tomato productivity, there is need for adoption of improved and sustainable production technologies that are not only affordable, but also responsive to the changing climatic conditions (Wachira et al., 2014), safe to the consumers and environmentally friendly. 
Tomato is a heavy feeder, and quite often, large amounts of nutrients especially N, P and K must be applied for good yield and quality. When soil is the medium for production, amendment with appropriate compost and other additives is necessary to maintain nutrients and enhance the productivity of the crop (Ghorbani et al., 2008). The amount and type of nutrients supplied to tomato can influence not only the fruit yield but also its nutrient content, organoleptic properties, and post-harvest storage quality. Generally, tomato requires 100 to 150 kg ha-1 N, 65 to 110 kg ha-1 P) and 160 to 240 kg ha-1 K, depending on the soil or substrate test result. It prefers slightly acidic soils with a pH of 6.0 to 6.8 (Cox, 2011). Application of chemical fertilizer is therefore only sustainable when farming practices involved are capable of increasing soil organic matter content, improving soil structure, enhancing soil water holding capacity and minimizing the magnitude of soil moisture fluxes (McSorley, 2011). 

In pursuit of organic crop production, use of containers for growing of horticultural crops, including vegetables has expanded (Castillo et al., 2004). The growing medium used in container production is a determining factor, in terms of its close correlation with plant growth and development of the crop grown. A number of materials have been used to produce substrates for container-grown crops, using mixes to achieve the appropriate characteristics required for transplant growth, development and yield (Giannakis et al., 2014). 
Biosolids are rich in organic materials resulting from the treatment of domestic sewage. Biosolids are known globally as a rich source of organic fertilizer as well as being environmentally friendly. Application of biosolids on agricultural land started from biblical times of Moses (Deuteronomy 23:12-14), and has been a widely accepted practice over the years. Its use is promoted not only to solve the problem of waste disposal but also to increase productivity in agriculture (Özyazıcı, 2013). Biosolids are potential agricultural resource produced globally, however the benefits from them depends on their management 

In the most developed countries of the world, people have learned the importance of biosolids especially in agricultural systems (Table 1.1). More than 70% of biosolids produced in the USA, Newzealand, Norway, China, Australia, Korea and Japan have been managed both as landfill and in agriculture (UN-HABITAT, 2006). 

Table 1.1: Global Biosolids Management
	Continent /Country
	Managed%
	Unmanaged %
	Use

	United States of America
	100
	0
	Landfill, Agriculture

	Newzealand
	100
	0
	Landfill, Agriculture.

	Norway
	90
	10
	Agriculture 

	China
	86.4
	12.6
	Agric., Landfill, incineration

	Australia
	83
	17
	Agric., Landfill

	Korea
	75.5
	24.5
	Landfill and incineration

	Japan
	70
	30
	Incineration 

	South East Asia
	N Q
	100
	Singapore

	South Amrica
	N Q
	100
	Brazil, Arg, Peru Colombia

	Africa
	NQ
	100
	S. Africa, Egypt, Ghana


Source: United Nations Human Settlements Programme (UN-HABITAT) UN-HABITAT 2006. Key: NQ= Not Quantifiable.

The use of biosolids is envisaged as a potential nutrient source that can bridge the gap of challenges caused by nutrition depletion in soils, soil borne pests and diseases especially bacterial wilt, Fusarium wilt (Ribas-Agusti et al., 2016). However, in the process of such innovations, some concerns about biosolids use as substrate such as crop yield, quality alterations and toxicity levels of heavy metals (Hargreaves et al., 2008) which need to be addressed. The developed world like the United States have established Federal regulations associated with biosolid waste management and utilization in crop production (Wortmann & Binder, 2009). However, due to lack of infrastructures in place, Kenya is yet to establish their own protocol (Gakungu et al., 2012). 

1.2 Statement of the Problem

In developing countries, farmers are rapidly adopting greenhouse tomato production for high productivity and fruit quality. However, production is constrained by nutrient depleted soils, soil borne pests and diseases especially bacterial wilt (Ralstonia solanacearum). Growing tomato in pots using a suitable substrate may ameliorate these challenges. While enriched peat compost is used as potting substrate for production of greenhouse tomato in developed countries, commercial potting compost is not readily available for small-scale farmers in developing countries. This calls for exploitation of potential compost sources including biosolids from University sewage ponds. Nevertheless, the physical, chemical and biological characteristics and safety of the biosolids are not well documented. Besides, the response of greenhouse tomato to the locally available biosolids from wastewater treatment ponds in terms of growth, yield, quality and safety has not been assessed. Currently, disposal of biosolids at Egerton University, with excess nitrogen and phosphorus poses pollution problems. Therefore, comprehensive evaluation of biosolids as a potential potting substrate is necessary for sustainable production of greenhouse tomato.  
1.3 Objectives 

1.3.1 General Objective

The study was conducted to contribute to improved productivity and quality of tomato through utilization of biosolids from wastewater treatment pond as a potting substrate. 

1.3.2 Specific Objectives

i. To determine the potential of biosolids from Egerton University wastewater treatment ponds as a crop substrate in terms of biological, physico-chemical properties and accumulation of heavy metals.

ii. To determine the effect of biosolids-forest soil mixing rates on tomato seedling emergence and growth. 

iii. To determine the effect of biosolids-blended forest soil substrate and NPK fertilizer on growth and yield of potted greenhouse tomato. 

iv. To determine the effect of biosolids-blended forest soil substrate and NPK fertilizer on postharvest quality and safety of potted greenhouse tomato.

1.4 Hypotheses

i. Biosolids from Egerton University treated sewage ponds is not suitable as a crop substrate in terms of its biological and physiochemical properties. 

ii. Biosolids- forest soil mixing rates have no significant effect on tomato seedling emergence and growth.

iii. Biosolids-blended forest soil substrate and NPK fertilizer have no significant effect on growth and yield of potted greenhouse tomato.

iv. Biosolids-blended forest soil substrate and NPK fertilizer have no significant effect on postharvest quality and safety of potted greenhouse tomato.
1.5 Justification

Urbanization and industrialization, especially in developing countries, has accumulated huge amounts of biosolid waste. The process of reducing pollution and many other environmental issues focus attention to waste recycling and compost application to agricultural lands. African population density is rising consistently, coupled with decrease in land quality through degradation. Sustainable agricultural development has become such an integral part of sound farming practices for food security.  

Biosolids can be re-used in many varied, environmentally friendly ways, to minimize waste and environmental pollution. Application of biosolids to agricultural soils may be sustainable and economical due to nutrient cycling and continuous disposal of these organic wastes. Similarly, reliance on soil-based production is a drawback in greenhouse systems due to nutritional limitation and pathogen accumulation.  Therefore, non-synthetic alternatives for plant nutrition are particularly desirable for sustainable agricultural systems and sustenance of soil health and crop yields. Use of biosolids is compatible with the increasing demand for agricultural commodities produced under sustainable practices, and may lead to positive changes in the soil thereby improving soil life, fertility and plant nutrient use efficiency. The anticipated benefits include reduction of production cost and consequently increased income to the growers.  Therefore, this study focused on characterization of biosolids and blending of forest soil using the product and inorganic fertilizer NPK (17:17:17) for pot production of greenhouse tomato, Consequently, use of biosolids in formulating potting media can result in substantial savings in fertilizers costs. 

1.6 Scope and Limitations  

This study characterized biosolids (BS) and forest soils (FS) as a potential substrate for crop production in terms of physico-chemical and microbial charcteristics including the levels of heavy metals and microbial load of pathogenic bacteria. Additionally, the work investigated the impact of a substrate formulated from BS-blended FS and N.P.K (17:17:17) on greenhouse tomato growth, quality and the safety in regards to the consumer. Generally, the study aimed at establishing the potential of the sustainable use of biosolids as a means of reducing environmental pollution. However, limitation of the study was on microbial load of the substrate, where by only three have been reported in this work: Salmonella spp. Escherichia coli (pathogenic strains), Staphylococcus aureus. Yet there are more bacterial contaminants which have been reported on wastewater, such as, Shigella spp., Yersinia spp., Vibrio cholera, Campylobacter jejuni, Clostridium perfringens, Legionella pneumophila, Listeria monocytogenes, Leptospira, Proteus spp., Streptococcus spp. Bacillus subtilis. Secondly, lack of molecular tool for characterization of the substrate pathogenic microbes to species and strains was a challenge, which may need further investigation. 
CHAPTER TWO

LITERATURE REVIEW

2.1 Overview of Tomato Production 

Tomato (Solanum lycopersicum L.) is a globally known fruit vegetable crop after potato and sweet potato, but is the most important in terms of canned vegetable (Olaniyi et al., 2010). It is widely consumed either fresh or processed into products such as tomato juice, soup, paste, puree, ketchup and sauce. Tomato is among the most promising commodities for horticultural expansion and development in Kenya as it accounted for 20.8% of the total vegetable produced during the year (FAOSTAT, 2017). In 2017, the area increased by 21%.  Apart from nutrition, other remarkable challenges in tomato production have been biotic factors such as tomato leaf miner Tuta absoluta, root knot nematodes (Meloidogyne sp), bacterial wilt Ralstonia solanacearum and late blight Phytophthora infestans (HCD, 2017). These are some of the main factors contributing to decreasing trend in tomato production in Kenya. 

Locally produced tomatoes are marketed within Kenya and around the East African countries. It is reported that greenhouse tomato production in Kenya started to increase as from 2007 (Makunike, 2007), through promotion by stakeholders such as former Horticultural Crop Development Authority (HCDA), Kenya Horticulture Development Program (KHDP) in collaboration with the Ministry of Agriculture and agricultural input suppliers such as Seminis seeds, Osho chemical industries and Amiran Kenya limited (Ochilo et al., 2019). Most tomato production in Kenya was previously under rain fed field conditions and this greatly affected the supply of tomatoes in the market, with shortage during off seasons and glut during in season (Wachira et al., 2014). Tomato under open field production has only two main seasons for production, November to February and from April to June with peak production in May (GOK, 2010). However, use of greenhouses ensures constant supply of fresh market tomatoes throughout the year and is therefore one of the core areas of the agricultural sector development strategies of 2010-2030, seeking to boost agricultural production in rural areas, create employment and improve food security (GOK, 2010). Greenhouse tomato production creates favourable production environment that includes ideal relative humidity, temperature and light. These factors contribute to efficient nutrient and water utilization, leading to high yield, fruit quality, prolonged production, shortened maturity period, reduced use of land and proper timing of market (Wachira et al., 2014). This therefore provides a good market competition strategy in greenhouse tomato production. Tomato production in Kenya plays a great role in the generation of income, creating employment, foreign exchange and improving food security. However, production is hindered by a number of challenges including lack of awareness in the use of integrated nutrients system and poor pest and diseases management practices. 
2.2 Mineral Nutrition in Tomato Production

Tomato is a heavy feeder and hence requires adequate fertilizer for growth and fruit yield (Pandey & Chandra, 2013). Nutrient requirements of the tomato crop depend on many factors such as variety, potential fruit yield and cultural practices (Sainju et al., 2003). Similarly, plant nutrients applied can also affect the total dry matter, soluble solids, titratable acidity, total phenolics, lycopene, β-carotene, ascorbic acid (Otieno et al., 2017). Although chemical fertilizers have been claimed as the most important contributor to the increase in world agricultural productivity (Snil, 2001), the negative effects of chemical fertilizer on soil environment and consumer concerns on chemical residue levels in fresh produces limit its usage in sustainable agricultural systems (Peyvast et al., 2003).  
Deficiency symptoms of N in tomato; has been reported to include pale-green to light yellow colour appearing first on older leaves, usually starting at the tips. Phosphorus is another major element required in tomato production and it is available to plants as orthophosphate ions (HPO42–, H2PO4–). It plays a major role in energy storage and transfer in photosynthesis and respirations processes (Taiz & Zeiger, 2002). Phosphorus aids in root development, flower initiation, and seed and fruit development. Under severe deficiency, purpling of leaves and stems may appear (Sainju et al., 2003). 
Potassium is the third major element in tomato production and available to plants as K+. It does not form any vital organic compounds in the plant; however, the presence of K is vital for plant growth because it is known to be an enzyme activator that promotes metabolism (Dorais et al., 2001; Taiz & Zeiger, 2002). Potassium also has significant contribution in photosynthesis, enzyme activation, and ion homeostasis (Afzal, 2015). Furthermore, it is involved in the translocation of photosynthates from sources to sinks (Khan et al., 2014). The role of K has also been reported in osmoregulation in guard cell carbohydrate metabolism (Bidari & Hebsur, 2011; Taize & Zaiger, 2002). 
Inside the plant, K is found in ionic form only and is a co-factor of many enzyme systems. Under K deficient conditions, the fruit will be small and lack red colour at early stage of maturity. Red colour of fruits and ripening disorders are closely related with K content of fruit (Perkins-Veazie & Robert, 2003). In addition to N, P and K, calcium (Ca) and magnesium (Mg) are the other major elements associated with growth and development in the production of tomatoes. Calcium helps cell wall development and permeability of cell membranes, enhancing uptake of nitrate, hence interrelated with N biosynthesis. Magnesium on the other hand is an integral part of the chlorophyll. It serves as a structural component in ribosomes and is associated with transfer reactions involving phosphate active groups. Therefore, Mg is important throughout plant metabolism (Zhao et al., 2012). 

2.3 Forest Soil as a Potting Medium 
Forest soils are natural soil with a high organic matter content because of continual deposition of forest litter. They are characterized by faster rates of water infiltration and percolation than agricultural soils because of the surface organic layers, large numbers of root channels extending into subsoil, and a high content of large soil pores (Beven & Germann, 2013). Forest soils facilitate the regulation of water flow, filter and immobilize pollutants, store and cycle nutrients, and provide structural support for plants growth (Grebner et al., 2013). In a study to compare infiltrability and air capacity of forest soils with agricultural soils, it was reported that high infiltration rates occur in forest soils with high air capacities than agricultural land (Germann et al., 2012). In the same study, it was demonstrated that soils under mature forests always absorbed higher water volumes at faster rates than arable and pasture soils. N mineralization and immobilization processes in forest soils are influenced by carbon-nitrogen ratio, contents of N, and lignin and phenolic compounds within the forest floor (Ambus & Zechmeister-Boltenstern, 2007; Boyle, 2005). 

2.4. Commercial Potting Substrates for Greenhouse Tomato Production

The decreasing arable land, increasing urbanization, water scarcity, and climate change exert pressure on agricultural soilless culture systems producers (Gruda, 2019). Moving from land to container culture cropping system can improve water and nutrient use efficiency (Gruda et al., 2016; Pascual et al., 2018). In the horticultural industry, generally, mixtures of growing media constituents and additives are used (Barretta et al., 2016; Savvas et al., 2013). Organic or inorganic materials can also be used as constituents, while additives include fertilizers, liming materials, and bio-control or wetting agents are added (Savvas & Gruda, 2018).
2.4.1 Peat Compost

Peat is a very common component in both nursery and greenhouse mixes. It is usually included in a mix to increase the water-holding capacity or to decrease the weight of the substrate. Peats used in horticulture are usually classified into three types: moss peat reed-sedge and peat humus (Ghehsareh et al., 2011). Peat moss is the most common form used in the industry and is derived mostly from sphagnum moss. Peat is a suitable substrate required for plant seed germination and emergence. Various authors have demonstrated the use of peat especially in greenhouse cropping system (Gruda, 2012). 
2.4.2 Coco Peat

Coconut peat (also called coco peat) is a relatively new organic amendment primarily used in the greenhouse industry. Coco peat (CP) is the coconut waste consisting of the dust and short fibres and approximately 12 million tonnes are produced annually in the world (Nichols, 2013). It has been suggested as a potential substitute for peat moss. Coconut peat is an organic renewable source which is an environmentally friendly substitute for peat as a soilless growing medium for containerized nurseries in the world (Kumarasinghe et al., 2016), consists of short fibre (<2cm) around 2 - 13% of the total and contains cork like particles ranging in sizes from granules (4-5mm) to fine dust (0.1mm). Due to its good water retention and aeration characteristics, CP has gradually become the potential alternative to peat in substrate cultivation. However, it is imported because its production is not well, establish in Kenya. Since Coco peat is an environmentally friendly material with stable physicochemical and biological properties, it has been increasingly used as a cultivation substrate in horticultural production (Barrett et al., 2016). 
2.4.3 Tea Compost
The use of compost as organic fertilizer improves soil fertility and is an excellent soil conditioner. Besides, it improves soil physical, chemical and biological characteristics, such as retention water, aggregation, porosity, the cation exchange capacity (Abou-El-Hassan & Desoky, 2013). Production of Tea compost substrate for transplant production is a waste reduction strategy in James Finlays Kenya Limited (Pennant-Jones, 2017).  The waste generated from tea leave pruning is reused within the plant production business to cover for the cost importing soilless substrate for transplant production. It endeavours to follow the waste hierarchy principles to; reduce, recycle, reuse and recover nutrient from the compost. Production of Tea compost in the company uses the principle that when waste is created, it gives priority to the 4 R’s; for reduce, re-use, recycling, then recovery, and the least desirable waste is disposed as landfill, incineration. Through this method waste has been recovered in that company through composting, converting them to energy and production of substrate, useful for transplant production. The use of tea compost has one limitation; it is localized to the aforementioned company for their local use in transplants and summer flower production.
2.4.4 Compost Manures 

Compost is defined as a stable decomposed organic matter resulting from microbial decomposition process (Khan & Azeem, 2017). During the composting process a series of aerobic micro-organisms community decompose and transform organic material into a variety of complex organic substances (Batisda et al., 2008; Rafal et al., 2017), hence does several things to better the quality of soil which commercial fertilizers cannot do. Compost has two main effects on soil properties, particularly in poorly fertile soil.  First is the sustainability of the farming system, which greatly relies on fertilizers and other inputs. Second are the soil factors such as texture, along combined with management-related factors such as soil organic matter, aggregate stability and agronomic practices (Ghorbani et al. 2008). Growers use a wide variety of practices to maintain or improve soil health in organic vegetable production systems. These practices are generally part of long-term, site-specific management programs aimed at developing fertile and biologically active soils that readily capture and store water and nutrients, and suppress plant diseases (Barker and Bryson, 2006).

2.5 Potential of Biosolids as Crop Substrate
Generally, consumers of organic products are well informed and health-conscious group spurred by strong demand and concerns about health and environment. For this reason, conventional growers are turning to organic farming (Yadav et al., 2013). The tendency to supply all plant nutrients through synthetic fertilizers has been shifted to crop production through organic means due to their deleterious effect of the former on long-term soil productivity. Organic production system reduces nutrient leaching and nutrient imbalance, degradation of soil physical properties and organic matter (Agbede et al., 2008; Ojeniyi 2000). The need to use renewable forms of energy and reduce the costs associated witfertilizing crops has revived the use of organic fertilizers worldwide (Yadav et al., 2013). Recycling of organic wastes including dungs of dairy cattle, poultry wastes and animal litter has become necessary as main sources of organic matter for supply of essential minerals needed to crop (Yasmeen et al., 2012). Besides, improvements in environmental conditions and public health, there have been important reasons for advocating the increased use of organic materials (Gruhn et al., 2000; Ojeniyi, 2000). Earlier studies by Alvarez et al. (1998) comparing soils of organically and chemically managed farming systems, reported the importance of higher soil organic matter and total N with the use of organic agriculture. In regards to this, some authors have focused their work on tomato production through organic means as an alternative or integration with chemical fertilizer (Yadav et al., 2013). Papamichalaki et al. (2014) also reported that biosolids incorporated in peat moss/ soil substrate at ratio 30:70, produced quality watermelon seedlings for transplant. In this way horticultural production is endeavouring to pay more attention to organic crop production or reduction of heavy use of chemical fertilizer.  
Studies have demonstrated that biosolids can be safely used for the production of crops. Earlier work by Perez-Espinosa et al. (1999) reported that utilization of biosolids in agriculture is not only an important approach to sludge management, but also a contribution of organic matter to the soil.  Mami & Peyvast (2010) also reported that biosolids are approximately 60-90 % biodegradable and may be used as a bulking material, able to absorb excess water, and supply a useful raw product for the horticulture industry.  Biosolids provide strong environmental and economic advantages compared to traditional biosolids’ management practices, which include combustion and landfill disposal (Hargreaves et al., 2008). In addition, they contribute to soil organic matter (SOM) restoration, soil structure improvement, microbial activity stimulation, and supply of crops with essential nutrients, all resulting in reduced production costs (Garcıa-Gil et al., 2000; Giannakis et al., 2014).  

Biosolids provide an alternative to mineral fertilizers from due to their compatibility with the increasing demand of horticultural commodities produced under sustainable practices, and it may also lead to very positive changes in the soil (Ribas-Agusti et al., 2016). Concerning the changes in the soil, some authors have described how the continued use of biosolids can lead to favourable soil changes including increased moisture, organic matter, bulk density and appearance of beneficial microorganisms. Biosolids provide a rich organic nutrient source and soil conditioner for agricultural and horticultural applications (Asgharipour and Sirousmehr, 2013).  Aggelides & Londra (2000) and Soumaré et al. (2002) have also reported beneficial effects of biosolids on soil productivity. Application of biosolids has also been observed to improve the physico-chemical and biological properties of soils which in turn facilitate better growth of plants (Rawat et al., 2013). 

Organic matter which forms over half of the mass of biosolids can improve the physical conditions of soils (Khaleel et al., 1981; Mtshali et al., 2014).  An increase in organic matter increases aggregate stability, water holding capacity of and promotes greater water infiltration (Mtshali et al., 2014). This supports an earlier report by Bullock and Burton (1996) that organic matter in biosolids can also influence nutrient storage and turnover, soil biota and diversity as well as vulnerability to erosion. Infiltration capacity and air recirculation increase in fine textured soils as result of biosolids application (Rawat et al., 2013). Macro elements in biosolids are essential for plants and soil fauna (Kosobucki et al., 2000) and can also enrich soil with macronutrients such as phosphorus, potassium, sulphur, calcium, magnesium and micro nutrients (Zamann et al., 2002). Since biosolids are rich in plant nutrients, they can supply many of the nutritional needs of plants, depending on the amount used and whether the plants are growing in the ground or in containers.  They have a large portion of organic materials and composting is the best sustainable option that would reduce waste volume and benefit its agricultural potential (Awomeso et al., 2010). Studies have shown that mixtures of biosolids with perlite (20–50% biosolids) may be used as substrates without the need for additional mineral fertilizer (Castillo et al., 2004). However, certain limitations are there on the use of biosolids, for instance, increase in salt content to levels which might affect the growth of sensitive crops, heavy metal toxicity, low overall porosity, and a marked variation in physical/chemical properties (Tzortzakis et al., 2012). 
2.5.1 Presence of steroid hormones in biosolids
Steroid hormones have been widely detected in various environmental matrices, including soils, groundwater, surface water, and sediments. Agricultural operations where manure and biosolids are applied as fertilizers and soil amendments are potential sources of steroid hormones to the environment (Yang, 2010). A number of authors have reported potential sources for steroid hormones, including sewage treatment plants (STPs), septic systems, concentrated animal feeding operations (CAFOs), and agricultural operations (Carson et al., 2008; Hanselman et al., 2003; Kolodziej et al., 2004; Lange et al., 2002). They emphasized that natural and synthetic steroid hormones are contributed to the environment predominantly through human and livestock wastes, including hormones used for medical treatment. Johnson et al. (2006) reported that hormones in wastewater, biosolids and animal manure are most likely to influence freshwaters with estrogens, androgens (testosterone), and progestagens (progesterone). In another study, Combalbert and Hernandez-Raquet (2010) showed that total estrogen concentration detected in different waste storage structures varied from 47 to 34326 ng L-1 for liquid swine waste and from 600 to 6800 µg g-1 dry weight (d.w.) in solid swine waste. Hutchins et al. (2007) examined lagoon samples from swine, poultry and cattle operations, and found that total estrogen levels in primary swine lagoons were up to 21 µg L-1. Estrogen concentrations in dairy and swine waste treatment and storage structures were also quantified by Raman et al. (2004). Numerous studies have also reported the presence of natural and synthetic hormones in STPs (Barber et al.,2009; Chimchirian et al., 2007; Esperanza et al., 2007). The concentrations of hormones in raw sewage from various STPs around the world ranged from less than 0.5 to 670 ng L-1, less than 0.5 to 125 ng L-1, and 2 to 660 ng L-1 on different standard rates. The synthetic estrogen varied from less than 0.2 to 70 ng L-1 (Combalbert et al., 2010). During a survey of organic wastewater contaminants in nine different biosolids products, was detected in one biosolids product at a concentration of 150 µg kg-1. Nieto et al. (2010) evaluated the presence of hormones and their conjugates in biosolids from two STPs in Spain. A survey of targeted national biosolids reported by the U.S. EPA, (2009) that concentrations of estrogens, androgens (testosterone, androsterone, and androstenedione), and progestagens (progesterone, norethindrone and norgestrel) in various biosolids samples ranged from 7.56 to 965 µg kg-1 , 21.3 to 2040 µg kg-1 , and 21 to 1360 µg kg-1 , respectively. Additionally, estrogenic and androgenic activities have been detected in municipal biosolids, nevertheless, it was reported that aerobically treated biosolids exhibited lower estrogenic and androgenic activities than biosolids treated anaerobically (Lorenzen et al., 2004). When they measured hormone activity by estrogen and androgen receptor gene transcription, a significantly higher estrogenic and (for all but one site) androgenic response gene was systematically obtained from municipal biosolids that had undergone anaerobic treatment versus aerobic treatment. Holbrook et al. (2002) determined the estrogenic activity associated with the processed biosolids constituted between 5 and 10% of the influent estrogenic activity. In contrast, treated liquid effluent contained between 26 and 43% of the estrogenic activity, and 51 to 67% of the estrogenic activity was biodegraded during the wastewater or biosolids treatment processes. However, a one-year study conducted by Zhao et al. (2010) detected very low concentrations, which is an indicator of their degradation with time. Therefore, Biosolids have been widely used on agricultural soils; approximately 30 to 60% of biosolids are land applied in the USA, Canada, and France, respectively (Kinney et al., 2006)

2.5.2 Safe rate of biosolids application in crop production 
Safe rate of biosolids application in agricultural production is described by Best management practices (BMPs) Carl et al. (1993). In organic agricultural production systems, studies have also shown that mismanagement of biosolids can result in NO3− leaching into groundwater (Brenton et al., 2007; Stehouwer et al., 2006). 

Therefore, the rates of biosolids application in agriculture have been guided by the amount of trace element in the samples used. The trace elements / heavy are of particular concern in regard to their effects on human and animal health. United States EPA (1995) 503 Rule analysed the risks of heavy metals and trace elements to humans, animals, plants, and soil organisms from exposure to pollutants in biosolids via different pathways for land-applied biosolids. Qin et al. (2012) reported nine trace elements; As (10), Cd (7), Cu (741), Pb (134), Hg (5), Mo (9), Ni (43), Se (5), and Zn (1202) levels, deemed to be of sufficient risk to regulate. If the concentration limit of any one of these elements is exceeded, the biosolids cannot be land applied. 

2.6 Effect of Biosolids on Seedling Emergence and Growth

Studies on the application of biosolids as a substitute growing medium component in Marigold and Basil seedlings production has shown that sewage sludge, can produce very good results as growth media instead of commercial substrates like peat (Tzortzakis et al., 2012). The use of urban waste compost for tomato (Solanum lycopersicum L.) transplant production has been reported, to result in quality transplants (Herrera et al., 2008). Chrysargyris & Tzortzakis (2015) indicated biosolids at rate less than 30% as an ideal component of mixed-peat substrate for eggplant seedlings, in combination with fertigation. In production of cucumber transplants, Mami and Peyvast (2010) recommended the use of biosolids at rate of 5% and below in peat mixture. 

2.7 Effect of Biosolids on Crop Growth and Yield 

The study by Chrysargyris et al. (2013) on marigold and basil, reported 40% of biosolids mixture with commercial peat as the best rate for production, which showed the highest level of N, P and K in the plant leaf tissue of both plants. However, there was an inhibition of tomato plant growth with increasing dosage of biosolids beyond 30% in a mixture with commercial peat, compared to plants receiving conventional fertilization (Giannakis et al. 2014). Another study by Alverez et al. (2017) on mixtures of peat, hydrochars from biosolids and urban waste as media for Lolium perenne production showed suitable hydrophysical properties of biosolids for use as growing media or cover soils. Hydrochar addition to peat increased the air space, water holding capacity and, consequently, total porosity when compared to peat alone and this resulted into germination index (GI) of L. perenne close to 100% and longer root length. A previous related study by Emino and Warman (2004) also indicated that biosolids in hydrochars form, peat and their mixtures can be considered a phytonutrient or phytostimulant. These studies show the potential of biosolids as a medium for seedling production. From these studies, it was evident that crops respond differently to the rates of biosolids mixture with different substrates (Hargreaves et al., 2008). Ribas-Agusti et al. (2016) also reported increased yield in tomato production using biosolids added to the planting bed in combination with predetermined rates of fertilizer NO–3 N, P2O5 and K2O. However, the main problems of excessive biosolids application include toxicity due to accumulation of heavy metals in soils (Hargreaves et al., 2008; McGrath et al., 2000), and the increase in salt content (Hao  Chang, 2003). Safe rates of biosolids application in agriculture is included in the best management practices (BMPs); operating methods that ensure the proper land application of biosolids for protection of the environment and human health has been reported by Qin et al. (2012). The other problem associated with the use of biosolids is the stigma associated with their use openly. This includes public fear that land application would lead to degradation, soil contamination, ground water pollution as well as potential threat to human and animal health, from the prescence of pathogens (Ozores- Hampton & Peach 2002). 
2.8 Effect of Biosolids on Postharvest Quality of Fresh Produce
Various studies have been done on the impacts of biosolids on postharvest qualities of fresh produce. Among the most prominent phytochemicals in toma​toes are the carotenoids, of which lycopene, the most abundant in the ripe fruit is, accounting for approxi​mately 80-90% of the total pigments (Hernández et al., 2009). Lycopene is an antioxidant, which protects cells from oxidative damage, helps to decrease the risk of chronic diseases such as coronary heart diseases and cancer (Giovannucci, 2002; Taber et al., 2008). Environmental conditions and medium fertility can affect fruit lycopene content (Kanai et al., 2007). Similarly, α-, β-, γ-, δ-carotene, zeaxanthin, lutein, neurosporene, phytoene, and phytofluene, which have clinically been proven as natural anti-carcinogenic and health related compounds in tomatoes, are directly dependent on nutrient application in tomato (Capano​glu et al., 2010). Other studies have also shown that tomato plants accumulate phenolic compounds as defence mechanism under certain stress conditions, such as low N availability (Løvdal et al., 2010). Ribas-Agusti et al. (2016) also suggested that fruit quality in terms of weight, diameter, °Brix and phenolic content can be achieved by partially replacing mineral N fertilizer with composted biosolid. An increase in tomato phenolic content was observed after organic amendment, biosolids was added in the substrate (Brandt et al., 2011). In a different study, Tzortzakis et al. (2012) reported that biosolids affected fruit quality parameters, increased total phenols, fruit lightness in greenhouse pepper but reduced fruit acidity and did not affect fruit dry matter content, firmness, green colour, total soluble sugars and EC of peppers. Therefore, these observations suggest that substrate composition and nutrient status play a vital role in postharvest quality of greenhouse crops and more work is needed for quality attributes, especially when biosolids is blended with other substrate components.
2.9 Effect of Biosolids on Microbial Contaminants in Fresh Produce 

Even though biosolids are rich in plant nutrients, they may contain significant levels of contaminants including pathogens to the fresh produce. Microbial contamination cited by authors is mainly of faecal origin (Mtshali et al., 2014). However, as most of the contaminating micro-organisms are heat-sensitive, they are eliminated during composting, leading to a faecal pathogen-free end product. Strauch (1991) quantified the pathogens of concern and their evolution during composting. Pathogens found in biosolids can be viruses, bacteria, protozoa or helminths. These microorganisms are potential contaminants because of their pathogenicity and are indicators of faecal contamination. These include Ascaris eggs, Salmonella, Shigella, total streptococci, faecal streptococci, total coliforms, faecal coliforms and Escherichia coli (Straub et al., 1993). Decrease in faecal contamination indicators and elimination of faecal pathogens was reported by De´portes et al. (1998), when biosolid were left before use over period of one year.
Generally, studies on the use of biosolids in vegetable production has shown that after application, the edible part can be harvested after 30 days without detection of microbial contamination in the produce (Wortmann & Binder, 2009). In greenhouse pepper production, Tzortzakis et al. (2012) observed that on application of biosolids as organic fertilizer, bacteria total coliform and E. coli units affected neither the pepper quality nor safety. This suggested that unless damages occur in the produce surface that may lead to entry of human pathogen, the produce grown in biosolids remain safe. 
2.10 Effect of Biosolids on Heavy Metals Accumulation in Fresh Produce 

As utilization of biosolids reduces pollution in the environment, existence of heavy metals found in raw sludge should not be ignored (Hassan et al., 2002). The total content of heavy metals in biosolids destined for agricultural use is of primary importance. There are concerns regarding heavy metal pollution of agricultural soils is essentially related to crop quality and human health. All types of biosolids contain heavy metals; cadmium, copper, nickel, lead, mercury, and chromium, which are regarded as potentially toxic elements (Khalid et al., 2012). However, good source management may restrict the levels of heavy metals and other contaminants that produce biosolids destined for use in agriculture. Therefore, they should meet quality standards for organic agriculture as reported by Ribas-Agusti et al. (2016). In their work, Giannakis et al. (2014) reported that the content of heavy metals in the tissues of tomato and lettuce grown in biosolid amended soil, remained at levels similar to non-amended soil. This suggests that biosolids at safe level may not pose a significant risk either for plant and public health if standards regarding their use aremaintained. However, more research is needed on quality of horticultural crops produced using biosolids as a potting medium.  
CHAPTER THREE

SUITABILITY OF BIOSOLIDS FROM UNIVERSITY SEWAGE PONDS FOR CROP PRODUCTION

Abstract 

Sewage waste management is a serious environmental problem and one of the major growing concerns for urban areas all over the world. Utilisation of biosolids (BS) for crop production may be a sustainable waste management strategy. The present study evaluated the physico-chemical and biological characteristics of biosolids from sewage ponds at Egerton University, Kenya. This was to determine its suitability for crop production. Biosolids were evaluated separately then as mixture with forest soil at rates of 0, 10, 20, 30, 40, 50, and 60% and compared with tea compost (TC) and coco peat (CP) in a completely randomized design experiment with four replications. Data collected included: macro-elements, micro-elements, heavy metals, pH, electrical conductivity (EC), bulk density (BD), water holding capacity and biological properties. Results showed that total organic carbon (0.03%), total organic nitrogen (2.0%) and Molybdenum (22 mg kg-1), in biosolids were significantly (p < 0.05) higher compared with forest soil, but not significantly different from tea compost. For heavy metals, Hg (0.33 mg kg-1), As (5.9 mg kg-1), Cr (31.1mg kg-1), Cd (0.38 mg kg-1), Ni (16.3 mg kg-1) and Zn (127 mg kg-1) were significantly (p < 0.05) higher in biosolids but within the allowable limits according to Environmental Protection Agency (EPA) standards. Biosolids had lower bulk density (1.2 to 1.5) g cm-3 and pH (5.4 to 5.8) units, but high organic matter (195 to 230) g kg-1, water holding capacity (35 to 42 %) and EC (2.6 to 5.4) µSm-1). For microbial load, total viable count (TVC) and colony forming units (CFU) registered 5 ×10-7 and 6.5×10-7 respectively. However, Escherichia coli, Salmonella sp. and Staphylococcus sp. were not detectable in the fully composted biosolids. Similar trend of these results were subsequently observed in the substrates formed in the mixture of biosolids and forest soil and this provide insight on the potential of biosolids as substrate for crop production and a reliable alternative to soil alone. 

Keywords: Biosolids, Forest soil, Organic amendment, Substrate
3.1 Introduction  

The generation of sewage wastewater has been increasing with rapid world population increase and urbanization. Application of treated wastewater in landfill is generally considered the most economical and beneﬁcial way of disposing biosolids (Haynes et al., 2009). According to Al-Gheethi et al. (2018) biosolids is a sewage sludge that has been treated by advanced processes including aerobic and anaerobic, heat or lime treatment, which has met standards required for beneficial use. The organic and inorganic contents of biosolids are essential for soil and plants (Nowak, 2007). They are rich in nitrogen, phosphorus, and other trace elements that present a good source of nutrients for plant growth (Sukkariyah et al., 2005). 
For crop production, biosolid waste generally contains significant concentrations of organic matter, nitrogen, phosphorus and potassium and to a lesser extent, calcium (Ca), sulphur (S) and magnesium (Mg).  According to Kirchmann et al. (2016), about 10% of the total nitrogen (N) in biosolid waste is present as ammonium nitrogen, which is plant accessible, while 90% is present in organically bound forms that need to be mineralized to become plant available. Biosolids also insure against unforeseen nutrient shortages by supplying essential plant nutrients such as sulphur (S), manganese (Mn), zinc (Zn), copper (Cu), iron (Fe), molybdenum (Mo), and boron (B) that are seldom purchased by farmers because crop responses to their application are unpredictable (Sukkariyah et al., 2005). They can be applied on micronutrient deﬁcient soils like alkaline soils (Moral et al., 2002) and sandy soil (Ozores-Hampton et al., 2011). Nutrient values of biosolids vary with sources of wastewater and wastewater treatment processes. Processes such as digestion or composting result in the loss of organic matter through decomposition, increase concentrations of phosphorous and reduce trace elements (Mtshali et al., 2014). It also leads to a decrease in ammonium nitrogen by volatilisation and a decrease in potassium by leaching. However, nutrient composition of biosolids is signiﬁcantly altered by stabilization processes and mineralization.  

Trace elements and heavy metals are of particular concern in regard to their effects on human and animal health (Qin et al., 2012). The USEPA (1995) analysed their risks to humans, animals, plants, and soil organisms from exposure to pollutants in biosolids via different pathways for land-applied biosolids. Nine trace elements: Arsenic (As), Cadmium (Cd), Copper (Cu), Lead (Pb), Mercury (Hg), Molybdenum (Mo), Nickel (Ni), Selenium (Se) and Zinc (Zn), were deemed to be of sufficient risk to regulate. Land application of biosolids must meet the ceiling concentrations and cumulative loading rates for these nine trace elements, above which, the biosolids cannot be applied in agricultural land. There are also concerns about the pathogen contaminations in biosolids (Qin et al., 2012). Biosolids applied to the land for crop production, both for human or as fodder, should not show any unacceptable microbial level or have adverse impact on human health (NRMMC, 2004). The objective of the current study was to determine the suitability of biosolids from Egerton University sewage ponds as potting substrate in terms of its physico-chemical and biological properties.

3.2 Materials and Methods

3.2.1 Experimental site

This study was conducted at Egerton University, Njoro Sub-county, Kenya (Figure 3.1), from January to February 2018. The site is located on latitude 0ᵒ 23’ S and longitude 35ᵒ 35’ E in the Lower Highland III (LH3) agro-ecological zone at an altitude of 2238 meters above sea level (Jaetzold et al., 2012). The analyses of the samples were done in both Soils and Food Science Laboratories of Egerton University.
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Figure 3.1: Map of the site of sampling forest soil and biosolids. 
Source: Agricultural Engineering Department, Egerton University (2019).

3.2.2 Biosolids and forest soil samples collection  

Naturally dried biosolids samples were collected from the sixth and seventh ponds of the Egerton University Wastewater Treatment Plant shown in Figure. 3.2. The wastewater treatment plant at Egerton consists of seven open aerated ponds. Wastewater undergoes aerobic digestion, in an oxygen-rich environment lagoon, which aerated naturally. Every year, the dry spell occurs in the months of December to March, during which the sixth and seventh pond normally dry up, leaving dry biosolids ready for disposal (Plate 3.1). The biosolid samples were collected (Plate 3.2) and solarized for two months under clear polythene paper gauge 200 mm thick. After solarization process, the biosolids were further stored in a plastic greenhouse for 10 months and then comprehensively analysed in the laboratory.  
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Figure 3.2: The arrangement of lagoons at Egerton University wastewater treatment plant. 
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Plate 3.1:  Harvesting of biosolids in the seventh (dry) pond 

Forest soil (FS) on the other hand was collected from an indigenous forest surrounding Egerton University Botanic Garden. This was an area, which has not been subjected to any farming activity for the last 20 years (Plate 3.2). After collection, the soil was solarised for two months and then taken to the laboratory for comprehensive physico-chemical analysis along with the biosolids, Tea compost (TC) and Coco peat (CP).
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Plate 3.2: Harvesting of forest soil 

3.2.3 Pre-paration of biosolids as a substrate   

Biosolids was mixed with forest soil at rates of 10, 20, 30, 40, 50 and 60% (v/v) and taken to the laboratory for comprehensive analysis of their physico-chemical characteristics. The physico-chemical characteristics of Tea compost (TC) and coco peat (CP) were also analysed as reference commercial substrates. For microbial analysis, both water and dried biosolids portions were collected separately from different ponds (Figure 3.2) and analysed for presence or absence of the specified pathogens-Salmonella sp., Escherichia coli and Staphylococcus sp. 

3.2.4 Determination of physico-chemical properties of the substrates

a) Electrical Conductivity
 Salinity was determined using Electrical conductivity (EC) meter with a conductivity bridge (Model CM-1 Mark V) for each growing medium. A ratio of 1:1 (substrate: water) suspension was prepared and filtered using a Buchner funnel with filter size 14. Each growing medium was filtered through Buchner funnel. After the filtrate was clear, it was transferred into a 50 ml bottle and the conductivity cell was immersed in the solution to take reading according to Okalebo et al. (2002).

b) Measuring pH of the substrates
 The pH was measured using Precision pH-meter, Model SANXIN MP 512 Shanghai San-Xin Instrumentation Inc. China. A sample of 50 g of air-dried growing medium was taken into a 100 ml glass beaker and 50 ml distilled water added using a graduated cylinder and mixed well and allowed to stand for 30 minutes. The suspension was stirred after every 10 minutes and pH determined according to the procedure described by Okalebo et al. (2002).

c) Organic Matter Content and Organic Carbon
 One gram of air-dried substrate was placed into a 500 ml beaker. Ten millilitres of 1 N potassium dichromate solution and 20 ml concentrated sulphuric acid added in a beaker and swirled to mix the suspension. After 30 minutes, 20 ml of distilled water was added along with 10 ml concentrated orthophosphoric acid and allowed the mixture to cool. Ten drops of diphenylamine indicator were added. The solution was titrated with 0.50 M ferrous ammonium sulphate solution and upon colour changed from violet blue to green, the reading was recorded, and organic matter content determined. Organic carbon was determined by method of Walkey and Black (1934), modified by Sato et al. (2014).
d) Bulk Density
 A core ring of 5 cm diameter with known weight (W1) and volume (V) 98.125 cm-3 was inserted 5cm in the substrate to scoop the amount of substrate material of the same volume. It was then removed from the substrate and samples around the core was wiped and trimmed at the bottom and top using a knife. They were then placed in an oven at 105°C for two days after which they were allowed to cool and weighed (W2), according to Okalebo et al. (2002).  

Bulk density (g cm-3)   = (W2 (g) –W1 (g)/V (cm3) 

Where, W1 was the fresh weight of the sample with the core and W2 was the weight of the dried sample in the core and V was the volume of the core.

e) Water holding capacity
This is the maximum amount of water that freely drained soil can hold, estimated after saturated soil has been drained without allowing its moisture stores to be depleted by evaporation. The substrate was filled with water and free water allowed to drain off then covered with plastic containers for 2 days. Moisture content was then determined based on the initial and final weights and using the formula below: 

Field capacity of substrate (%) = (W2 –W3)/ (W3 –W1)) x100 

Where, W1 was the wet substrate in moisture container with known weight, W2 was the total weight and W3 (was weight of the dry soil in moisture container (Okalebo et al., 2002).

3.2.5 Determination of nutrient and heavy metal elements

a) Nitrogen (Kjeldahl method)
Substrate sample weighing 0.3 g was digested in digestion tubes using a digestion mixture comprising of N/140HCl, HNO3, Se and CuSO4. The temperatures in the heating block was maintained at 360°C for two hours after which the samples were let to cool and transferred to 50 ml volumetric flasks and the volume made to the mark. The sample was then allowed to settle and 5ml of the aliquot was put in to the distillation bottle where 10ml of 1% NaOH was added. It was then steam distilled into 5ml 1% Boric acid containing 4 drops of mixed indicator for 2 min, from the time the indicator turned green. Distillate was titrated using HCl and the end point was reached when the indicator turned green through grey to definite pink (Okalebo, 2002), modified by Juma et al. (2018). A blank experiment was prepared using the same procedure. 
b) Total phosphorous 
Total Phosphorus in the substrate samples was determined by the method described by Juma et al. (2018). A substrate sample of 0.3 g was digested in digestion tubes using a digestion mixture comprising of HCl, HNO3, Se and CuSO4. The temperatures in the heating block maintained at 360°C for two hours after which the samples were let to cool and transferred to 50ml volumetric flasks and volume made to the mark. Five ml of the aliquot was transferred in to the sample bottles with 1 ml of developing colour solution (Ammonium Vanadate and Ammonium Molybdate in the ratio of 1:1). The samples were left to stand for 30 min after which they were transferred to cuvettes. Readings (absorbance) were taken using a spectrophotometer at λmax= 430 nm. Calibration curve was done using laboratory certified standards containing 0, 0.2, 0.4, 0.6, 0.8 1.0 and 1.2 ppm P respectively.  

c) Analysis of P, Na, Ca, Mg, Fe, Zn, Cu, Mn, Pb, Cu and Cd
A substrate sample weighing 0.3 g was digested in digestion tubes using a digestion mixture comprising of HCl, HNO3, HF and H3 BO3. The temperatures in the block was maintained at 360°C for two hours then samples cooled and transferred to 50 ml volumetric flasks and volume made to the mark. Calibration was done for each element using certified standards. Samples were analysed using Atomic Absorption Spectrophotometer (AAS), Varian spectra AA10 AAS machine. The determination of these elements in the substrate was done using double acid method of extraction. AAS was used for estimation of these available elements in the tested substrate. This followed the procedure of Okalebo et al. (2002).

3.2.6 Determination of biological properties of the substrates

This work was done to determine the presence or absence of faecal contaminants, specifically Salmonella sp., Escherichia coli and Staphylococcus sp., as microbial organisms of health concern in the dry biosolids ready for disposal. Fifty grams of compost were added to 950 ml of normal saline and homogenised for 30 min. Tenfold serial dilution (10-1 to 10-6) was made from the homogenate. The homogenate was used for enumeration of bacteria of medical importance in the biosolids. For enumeration of bacteria, 1 ml of homogenate was aseptically transferred onto plate count nutrient agar (Oxoid, England) in triplicates. The plates were incubated at 37°C for 24 hours under aerobic atmosphere. After incubation and isolation, the number of colonies were counted with a colony counter and recorded as colony-forming unit (CFU) g-1 and Total Viable Count (TVC) g-1 of the growing medium. The evaluation of cellular concentration in a substrate samples were determined by plate counting of serials dilutions. The presence or absence of microbial organisms of health concern such as pathogenic Salmonella sp., Escherichia coli and Staphylococcus sp. was determined in each sample in triplicates.

3.2.7 Data analysis

Data for each variable measured were analysed using the statistical model for completely randomized design with five treatments and four replications. Data analysis was carried out using Statistical Analysis System software statistical package version 9.1 (SAS Institute, Cary Inc., 2001). Shapiro Wilk test was used to check for normality of the data before analysis. Numerical data were subjected to analysis of variance (ANOVA) at p≤ 0.05 and means for significant treatments separated using Tukey’s Honestly Significant Difference (HSD) test at p≤ 0.05.

3.3 Results

The results on quantity of macro-, micro- elements and heavy metals determined in the biosolids (BS), forest soil (FS), tea compost (TC) and coco peat (CP) substrates are shown in Tables 3.1 and 3.2. 

3.3.1 Macro- and micro-elements and heavy metals
In the four substrates, total organic carbon (ToC) content was detected in the range of 0.02 to 0.03 mg g-1), which was not significantly (p < 0.05) different among them (Table 3.1).   Biosolids (BS) was significantly (p < 0.05) higher in molybdenum (22 mg kg-1) and total organic nitrogen (2.0%), which was not significantly (p < 0.05) different from that of tea compost (TC).  In comparison to the substrates, FS was significantly (p < 0.05) higher in Fe (7.2%), Mn (0.6% mg kg-1) and B (81 mg kg-1). 

a) Heavy metals
 Forest soil (FS) was higher than the rest of the substrates in Pb (45 mg kg-1), As (5.7 mg kg-1), Se (16 mg kg-1), Cd (0.4 mg kg-1) and Ni (12 mg kg-1) which was nevertheless not significantly (p < 0.05) different from that of biosolids (16.3 mg kg-1). Biosolids registered significantly (p < 0.05) higher Hg (0.33mg kg-1), As (5.9mg kg-1), Cr (31.1mg kg-1), Cd (0.38 mg kg-1) and Zn (127 mg kg-1) than the other substrates. On the other hand, TC and CP recorded significantly (p < 0.05) higher contents of Cr (36mg kg-1) and Cu (64mg kg-1) respectively (Table 3.2). 
Table 3.1: Nutrient contents of forest soil, biosolids and the two commercial substrates 
	Substratesa
	ToN %

(0.01)*
	ToP %

(0.007)
	K %

(0.07)
	Mg %

(0.07)
	Ca %

(0.1)
	S %
	Fe %
	Mn %

(0.002)
	Mo

(mg kg-1)
	B

(mg kg-1)

	FS
	0.26±0.02c
	0.13±0.01c
	0.52±0.01b
	0.14±0.01b
	0.56±0.01c
	1.72±0.01b
	7.15±0.20a
	0.61±0.02a
	9.35±1.30b
	81.25±2.30a

	BS
	2.00±0.02a
	0.25±0.01b
	0.50±0.02b
	0.16±0.01b
	0.49±0.02c
	0.64±0.01c
	4.26±1.40b
	0.26±0.01c
	22.47±4.00a
	61.73±2.80b

	CP
	1.01±0.09b
	0.16±0.02c
	0.83±0.02a
	0.27±0.02a
	1.02±0.02b
	ND
	0.68±0.01c
	0.19±0.01c
	4.84±0.90c
	52.98±1.50c

	TC
	2.10±0.20a
	0.87±0.01a
	0.01±0.00c
	0.25±0.02a
	4.27±0.60a
	55.56±5.70a
	0.47±0.01c
	0.44±0.01b
	5.04±1.20c
	88.77±7.60a


Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s HSD test at

 p ≤ 0.05. *Maximum recommended values of plant nutrient in the soil/ substrate for tomatoes production (Sainju et al., 2003). a N = 4 in the substrate analysis. Key: TC = Tea compost, CP= Coco Peat, FS =Forest soil ND= Not detected.
Table 3.2: Heavy metal contents of forest soil, biosolids and the two commercial substrates 
	


Substratesa
	Pb

(mg kg-1)

(150) *
	Hg

(mg kg-1)

(1)
	As

(mg kg-1)

(20)
	Se

(mg kg-1)

(100)
	Cr

(mg kg-1)

(100)
	Cu

(mg kg-1)

(100)
	Cd

(mg kg-1)

(1)
	Ni

(mg kg-1)

(60)
	Zn

(mg kg-1)

(200)

	FS
	46.15±2.73a
	0.04±0.00b
	5.73±0.35a
	16.12±1.23a
	22.52±2.75b
	9.24±0.97c
	0.39±0.04a
	12.01±0.47a
	66.41±4.21b

	BS
	21.82±1.99b
	0.33±0.01a
	5.85±0.55a
	1.07±0.07b
	31.12±2.15a
	34.43±1.24b
	0.38±0.01a
	16.73±0.49a
	127.02±4.97a

	CP
	3.27±0.03c
	0.03±0.00b
	0.87±0.01b
	0.79±0.03b
	35.63±1.25a
	63.22±3.57a
	0.08±0.00b
	7.05±0.05b
	127.05±1.56a

	TC
	3.38±0.05c
	0.07±0.00b
	0.78±0.01b
	2.31±0.02b
	36.77±2.53a
	64.75±2.97a
	0.06±0.00b
	7.26±0.06b
	28.88±2.03c


Means ± standard error followed by the same letter within a column are not significantly different according to Tukey’s HSD test at p ≤ 0.05.*Maximum Ceiling values of heavy metals for agricultural land application according to New South Wales EPA, (2000). a N = 4 in the substrate analysis. Key: TC = Tea compost, CP= Coco Peat, FS =Forest soil, BS= solarized for 2 months and stored for 10 months.


b) Analysis of mixed substrate 
In comparison to the substrates, FS was significantly (p < 0.05) higher in Fe (7.2%), Mn (0.6% mg kg-1) and B (81 mg kg-1). Results showed that forest soil was significantly higher in Mg (130 mg kg-1) and C:N ratio of 21 (Table 3.3 and 3.4). Biosolids at 30% was significantly higher in most of the elements analyzed: ToN (13 mg g-1), ToP (101 mg kg-1), K (428 mg kg-1), Mg (119 mg kg-1) and ToC (114 mg g-1). Both BS at 10 and 20% were higher in K, Mg and C, but not ToN and ToP. Biosolids at 40% was significantly higher in K (422 mg kg-1), ToC (122 mg g-1).  On the other hand, BS at 50 and 60% were significantly higher in Na 350 mg kg-1 and 376 mg kg-1, respectively. In comparison, TC (commercial substrate) was significantly higher in ToN (16 mg g-1) and ToP (116 mg kg-1) but was not significantly different from BS at 30%. Both commercial substrates TC and CP were significantly (p < 0.05) higher in Ca (44 mg kg-1) and (39 mg kg-1) and Mg (127 mg kg-1) and (115 mg kg-1). However, Mg content in both TC and CP was not significantly different from those of FS and BS at 10 to 30%. Total organic carbon was significantly higher in TC but not different from that of BS at 30%. Potassium and Mg were significantly higher in BS at 10 to 30%. Mg content significantly reduced in BS at 40 to 60%, as Na content became significantly (p < 0.05) higher in the substrate.  Manganese level was significantly (p < 0.05) higher in BS from 10% to 60%, while Fe and Zn content were significantly (p < 0.05) higher in BS from 10 to 40% (Table 3.4).
Table 3.3: Macronutrient contents of biosolids substrate rates, Tea compost and Coco peat 
	Substrates (v/v)
	ToN

(mg g-1)
	ToP

(mg kg-1)
	K

(mg kg-1)
	Ca

(mg kg-1)
	Mg

(mg kg-1)
	Na

(mg kg-1)
	C

(mg g-1)
	C:N

	Recommended x.
	 0.1x
	70x 
	700x
	1000x
	700x
	-
	-
	-

	 FS
	4.3±0.8e
	69.1±8.8e
	132.5±3.3e
	21.9±1.5b
	131.1±9.7a
	62.9±5.6f
	91.7±9.4c
	21.3±1.6a

	BS 10%
	5.9±0.9de
	83.0±9.7bcde
	412.3±1.9ab
	24.0±2.9b
	126.1±3.9ab
	254.8±9.1c
	115.0±3.6ab
	19.7±2.7ab

	BS 20%
	7.4±0.3cde
	90.3±6.9bcd
	419.9±14.0ab
	22.8±1.8b
	117.7±7.7ab
	242.1±16.1c
	114.4±5.5ab
	15.4±1.2bc

	BS 30%
	12.9±1.4ab
	101.0±2.8ab
	427.8±6.2a
	29.5±1.7b
	119.1±3.5ab
	252.8±8.2c
	122.1±6.4a
	9.6±1.4dc

	BS 40%
	9.6±0.6bcd
	95.9±1.7abc
	422.4±5.7ab
	27.0±5.7b
	113.8±7.3b
	343.3±13.2b
	122.0±3.5a
	12.7±0.6cde

	BS 50%
	8.9±1.5bcd
	79.3±6.8cde
	403.7±7.8b
	28.5±1.6b
	47.7±3.0c
	349.8±7.7ab
	127.9±5.6a
	14.7±2.8bcd

	(BS) 60%
	10.5±1.8bc
	70.3±4.4de
	403.5±15.5b
	27.5±2.0b
	37.2±2.8c
	376.3±12.1a
	129.6±5.7a
	12.5±1.7cde

	TC
	16.3±3.0a
	116.1±11.5a
	369.6±7.3c
	43.5±5.0a
	126.6±5.8ab
	114.8±3.4e
	120.5±7.9a
	7.6±1.4e

	C P
	9.2±0.9bcd
	33.8±2.0f
	344.1±2.5d
	38.5±5.9a
	114.6±7.9ab
	164.4±7.0d
	99.6±5.8bc
	10.8±1.1cde


Means ± standard error in a column followed by letter are not significantly different according to Tukey’s HSD test (p<0.05).X Recommended levels of nutrients in soil for tomato production according to Sainju et al. (2003). Key: FS (Forest soil), BS (Biosolids), TC (Tea compost)
Table 3.4: Micronutrient contents of biosolids substrate rates, Tea compost and Coco peat 
	Substrates (v/v)
	Mn (mg kg-1) (20)y
	Fe (mg kg-1)
	Zn (mg kg-1)

	Forest soil 
	69.6±8.0c
	27.0±1.9f
	4.7±0.3d

	Biosolid 10%
	530.4±13.9a
	2490.0±29.3a
	47.4±1.2a

	Biosolid 20%
	524.8±7.4a
	2473.9±8.8a
	44.0±2.3a

	Biosolid 30%
	539.4±31.9a
	2479.1±18.6a
	44.0±1.1a

	Biosolid 40%
	553.9±24.7a
	2471.5±34.6a
	45.9±0.9a

	Biosolid 50%
	551.9±11.3a
	1184.1±4.9b
	24.4±2.1b

	Biosolid 60%
	544.8±18.3a
	852.5±6.5c
	25.4±0.9b

	Tea compost
	167.0±18.5b
	207.4±6.7d
	21.9±2.6b

	Coco peat
	29.8±1.2c
	114.1±9.9e
	16.4±2.2c


Means ± standard error in a column followed by letter is not significantly different according to Tukey’s HSD test (p<0.05). y Recommended levels of nutrients in soil for tomato production (Sainju et al., 2003). 
c) Heavy metals
 Copper (Cu) content varied from 4.4 to 14 mg kg-1 and was significantly (p < 0.05) higher in all the substrates except FS and CP (Table 3.5). Likewise, Cd content varied from 0.0023 to 0.0128 mg kg-1 and was significantly (p < 0.05) higher in all the substrates except FS. Lead (Pb) content varied from 2.1 to 109.6 mg kg-1 but was significantly (p < 0.05) higher in FS and lower in the rest of the substrates. 

Table 3.5: Heavy metal contents of biosolids substrate rates, Tea compost and Coco peat 
	Substrates (v/v)
	Cu (mg kg-1) (100)
	Cd (mg kg-1) (1) z
	Pb (mg kg-1) (150)

	Forest soil (control)
	4.4±0.5b
	0.0023±0.1b
	109.6±9.0a

	Biosolid 10%
	12.2±0.6a
	0.0128±0.8a
	2.8±0.9c

	Biosolid 20%
	12.7±1.0a
	0.0115±0.4a
	2.1±0.4c

	Biosolid 30%
	10.3±0.9a
	0.0127±0.6a
	5.1±0.4c

	Biosolid 40%
	12.7±0.9a
	0.0122±0.7a
	3.1±0.5c

	Biosolid 50%
	13.1±0.9a
	0.0122±0.4a
	6.0±0.8c

	Biosolid 60%
	13.3±0.9a
	0.0122±0.7a
	2.5±0.5c

	Tea compost (Control)
	14.0±0.2a
	0.0122±0.7a
	20.1±4.1b

	Coco peat (Control)
	6.5±0.3b
	0.0121±1.6a
	4.3±1.0c


Means ± standard error in a column followed by the same letter are not significantly different according to Tukey’s HSD test (p<0.05). *Maximum Ceiling values of heavy metals for agricultural land application according to NSW EPA (2000). 
3.3.2 Physico-chemical properties of the substrates

 The results showed significant differences on bulk density (BD), water holding capacity and organic matter contents (Figure 3.3A). Bulk density varied from 1.2 to 1.7 g cm-3 and was significantly (p < 0.05) higher in FS, followed by BS at 10% and lower in the rest of the substrate. Water holding capacity varied from 26 to 46% but was significantly (p < 0.05) higher in the all substrates except forest FS and BS at 10% (Figure 3.3B). Organic matter content was higher in the all the media except FC and CP. Electrical conductivity varied from 2.6 to 5.4 µSm-1 but was higher in BS at 40 to 60% (Figure 3.3C). Forest soil registered a higher pH but was not significantly (p < 0.05) different from the two commercial substrates TV and CP. However, BS recorded significantly (p < 0.05) lower pH than the other substrates with a reducing trend from BS at 20 to 60% (Figure 3.4).  
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Figure 3.3: Physical characteristics of biosolids substrate rates, Tea compost and Coco peat substrates for A- Bulk density, B - Water holding capacity and C- Organic matter characteristics of different. Means ± standard error bar followed by the same letter are not significantly different according to Tukey’s HSD test (p<0.05).
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Figure 3.4: Chemical characteristics of biosolids substrate rates, Tea compost and Coco peat substrates for Electrical conductivity and pH of different substrates.  Means ± standard error bar followed by the same letter are not significantly different according to Tukey’s HSD test (p<0.05).
3.3.3 Biological properties of biosolids
 Selected bacteria of economic importance: Salmonella sp., Escherichia coli and Staphylococcus were observed in the substrates (Table 3.6). Total viable counts (TVC) showed a rising trend from BS at 10 to 20% followed by a downward trend up to BS at 100%. The presence of microbes was evident in the substrates at different dilution levels. Forest soil recorded a TVC of 42×10-4; tea compost had moderate growth while coco peat had no growth (NG). For the colony forming units (CFU), FS and BS at 10 to 40% had too numerous to Count (TNTC), however above BS 40%, it was possible to numerate them at dilution level 10-7. Regardless of the rates of BS tested, the targeted microbes Salmonella sp., Escherichia coli and Staphylococcus were absent on the dry BS substrates. Further confirmation test done on the pond for the presence or absence of targeted microbes of the seven ponds, indicated the presence of Salmonella sp. and Staphylococcus sp., at various stages except in ponds 6 and 7, which had dry BS sample (Table 3.7). However, Escherichia coli, persisted in ponds 6 and 7. 
Table 3.6: Bacterial total viable counts (TVC) and colony forming units (CFU), Salmonella sp., Escherichia coli and Staphylococcus sp.in the substrates

	Substrates
	TVC

(PCA)
	CFU

(MAC)
	E. coli

(EMB)
	Salmonella sp. (BPA)
	Staphylococcus sp.

(BPA)

	Forest soil (FS)
	42 ×10-4
	TNTC
	-ve
	-ve
	-ve

	Biosolids 10%
	50 ×10-7
	TNTC
	-ve
	-ve
	-ve

	Biosolids 20%
	96 ×10-7
	TNTC
	-ve
	-ve
	-ve

	Biosolids 30%
	72×10-7
	TNTC
	-ve
	-ve
	-ve

	Biosolids 40%
	52 ×10-7
	TNTC
	-ve
	-ve
	-ve

	Biosolids 50%
	22 ×10-7
	13 ×10-7
	-ve
	-ve
	-ve

	Biosolids 60%
	11×10-7
	6.5×10-7
	-ve
	-ve
	-ve

	Biosolids 100%
	5 ×10-7
	6.5×10-7
	-ve
	-ve
	-ve

	Tea compost
	58 ×10-7
	6.5×10-7
	-ve
	-ve
	-ve

	Coco peat
	N/G
	N/G
	-ve
	-ve
	-ve


Key: TVC- Total Viable Count, CFU- Colony-Forming Units, PCA- Plate Count Agar, EMB- Eosin Methylene Blue (E. coli), MacConkey Agar, BPA- Bairvd Parker Agar (Staphylococcus sp.), BPA- Bairvd Parker Agar (Salmonella sp.). TNTC- Too Numerous to Count, VFC- Very Few Colonies, N/G- No Growth, -ve= absent, +ve = Present, ++ve =highly present, +++ve – Very highly present. 

Table 3.7: Bacterial total viable counts (TVC) and colony forming units (CFU) in Egerton University wastewater ponds

	POND TYPE
	TVC

(PCA)
	CFU

(MAC)
	E. coli

(EMB)
	Salmonella sp.
	Staphylococcus sp.

	POND 1
	TNTC
	TNTC
	+++ve
	++++ve
	+++ve

	POND 2
	TNTC
	TNTC
	+++ve
	+++ve
	+++ve

	POND 3
	TNTC
	TNTC
	+++ve
	+++ve
	+++ve

	POND 4
	TNTC
	TNTC
	+++ve
	+++ve
	+++ve

	POND 5
	TNTC
	TNTC
	+++ve
	+++ve
	+ve

	POND 6
	TNTC
	TNTC
	++ve
	-ve
	-ve

	POND 7
	TNTC
	VFC
	+ve
	-ve
	-ve


Key: POND 1- Effluent, POND 2 -Second pond (water), POND 3-Third pond (water), POND 4- Fourth pond (water), POND 5- Fifth pond (water), POND 6 -Sixth pond (water), POND 7-Seventh pond (dewatered biosolids). TVC- Total Viable Count, CFU- Colony Forming Units, PCA- Plate Count Agar, EMB- Eosin Methylene Blue (E. coli), MacConkey Agar (MAC), BPA- Bairvd Parker Agar (Staphylococcus sp.), BPA- Bairvd Parker Agar (Salmonella sp.). TNTC- Too Numerous to Count, VFC- Very Few Colonies, N/G- No Growth, -ve= absent, +ve = Present, ++ve =highly present, +++ ve – Very highly present.

3.4 Discussion

The utilization of biosolids in agriculture has gained popularity as a source of waste disposal. Analysis of biosolids alone for macro- and micro-elements in comparison to FS, TC and CP revealed a significant presence of organic nitrogen (N), molybdenum (Mo) and to lesser extent, phosphorus (P), potassium (K) calcium (Ca), sulphur (S), magnesium (Mg), iron (Fe), manganese (Mn) and boron (B). On the other hand, forest soil (FS) as a natural substrate was significantly higher in Fe, Mn and B. This study suggests that dewatered biosolids (BS) would be a better source for slow-release nitrogen and molybdenum. However, if BS is combined with FS their ability to serve as a substrate would possibly be enhanced to provide five elements fore-mentioned. Total organic carbon plays a big role in plants, fostering healthier and more productive growth of the plants through the photosynthetic process. Amending soil with organic carbon from BS may not only facilitate healthier plant life, but also helps the substrate to drain better with enhanced bulk density. Additionally, availability of C and N in organic form, in BS has benefits to the crop since plant nutrients are released over entire growth phase of crop. The organic nitrogen present in BS is an essential macro nutrient for the synthesis of amino acids, the building blocks of proteins, and also a major part of the chlorophyll molecule necessary for photosynthesis. Even though BS did not show significance in ToP, K and Mn compared to other substrates tested, they were within maximum recommended values of plant nutrient in the substrate according to Sainju et al. (2003), which may also reflect the same outcome on other related solanaceaous vegetables. Among the macro-elements of importance in plant nutrition, K however, was critically lower in the BS. This was probably because of leaching, which occurs in the process of BS formation since the element occurs in K+ form and therefore was observed as deficient. Pakhnenkoa et al. (2009) earlier reported the same on the availability of K in biosolids used in agriculture. These results are in agreement with Kirchmann et al. (2016) who also reported that N and P would only be available plants use at 10%. In another study, Paz-Ferreiro et al. (2018) reported similar findings, that N availability is partially controlled by type of treatment process sludge undergo, and agricultural value of biosolids may also depend on the mineralisation rate of the organic N pool. In terms of its functions in plant, significant level of molybdenum (Mo) in BS observed in this study is indicative of the potential of the substrate in providing this trace element for crop development. Molybdenum is a necessary component of two major enzymes in plants, nitrate reductase and nitrogenase, which are required for normal assimilation of N in plant (Silva & Uchida 2000). 

Combination of BS with FS to form substrates at different rates in the range of 0 to 60% revealed a new trend in plant nutrient availability. There were variations of important plant nutrients in the substrates. Significantly higher Mg observed in FS in a reducing trend to BS 60% was indicative of FS as the source and donor in the substrate complex mixes.  This study shows significant presence of Mg in FS and BS rates from 10 to 30% of the substrate. The reducing trend of Mg in the substrate mixes with the declining of the pH of the substrate observed indicated that the element is pH dependent. Studies have shown that Mg is normally available within a pH range of 6.0 to 8.5. From the present tresults, it is demonstrated that as the rate of BS increased from 40% and above, the pH of the substrate was reducing to acidic region, causing a significant reduction of Mg and Ca. The results of this study are in consistent with those of Sullivan et al. (2015) who reported that depending on the process of producing BS, the pH may be acidic to alkaline, and therefore suggested that adjusting pH by liming the substrate would be necessary to get the right substrate with biosolids. This is in line with observation made by Mtshali et al. (2014), that high Na concentration is associated with elevated EC of soils amended with sludge and with or without lime. The same was also confirmed by Paz-Ferreiro et al. (2018) that the deficiency of K+ may necessitate the supplement of the elements in the substrate.
The C:N ratio is normally used as a growing media index to represent nutrients stability. It is known that a C:N ratio of 15 permits plants N uptake without leaching as nitrate and any C:N ratios above 15 represent values within which nitrogen is immobilized according to Dresboll and Magid (2006). The results indicate that FS without BS had a significantly higher C:N ratio of above 15 at rates of BS 10 and 20% and this was an indication of better chemical properties of the substrate for crop production. From BS 30% and below, the C:N ratio was within required range for nutrients availability (Sainju et al., 2003). The Influence of the increasing BS in the substrate reduced the C:N ratio from 20 to 15, which was a positive effect on nutritional quality. This concurred with Rawat et al. (2013) who observed on reducing effect of BS on C:N ratio of the substrate and high mineral elements availability for crop production.  

There was significant availbilty of Mn, Fe and Zn in BS/FS substrate within the rages of 10 to 60% as observed in our results and this was indicative of a better substrate that provides the three important plant nitients. Manganese primarily functions as part of the plant enzyme system, activating several metabolic functions (Silva & Uchida, 2000). Like Manganese, Fe is essential in the heme enzyme system in plant metabolism (photosynthesis and respiration). Iron is also part of protein ferredoxin and is required in nitrate and sulphate reductions, essential in the synthesis and maintenance of chlorophyll in plants and strongly associated with protein metabolism. All these physiological functions may contribute to crop growth and development, hence higher fruit yield. The results on substrate analysis also revealed that metals (Zn, Cu, Mo, and Ni), which are essential for plant growth and crop development were available in both FS and BS combined, especially at BS 30%. On the elements essential for plant growth, copper was significantly high in BS 30% and TC (commercial substrate), indicative of potential of substrate BS in plant growth at the same rate. In particular, Cu is essential in several plant enzyme systems involved in photosynthesis and is part of the chloroplast protein plastocyanin, which forms part of the electron transport chain and also plays a role in the synthesis stability of chlorophyll and other plant pigments (Sainju et al., 2003).  

Heavy metal concentration indicated that, even though Cu and Cd were high in BS waste, they were found to be below the permissible limits of Standards (NSW EPA, (2000). Thus, the BS in this study at rates of BS 30% and below was observed to be suitable for use in agricultural purposes. This is in line with Miezah et al. (2015) who reported that availability of heavy metals is less in a more compost form of sludge as it has more humic acid, thus binds more metals and decreases their availability. Similarly, this work is in concurrence with recommendation by Naveen et al. (2017) on quality of a good biosolids; fully decomposed, and low in heavy metal and salt contents. This study revealed the concentration of heavy metals below EPA 2000 standards. Further, these results are also in agreement with the work of Mohammad et al. (2011), where heavy metal concentration did not exceed the permissible level, on wastewater (which forms biosolids) for tomato production. However, the concentration of heavy metals in BS normally depends on the source and processes involved on production as reported by Paz-Ferreiro et al. (2018). 

The increasing trend in Electrical conductivity (EC) level with increase in BS rates was observed and this was an indicator of higher salt concentration in the substrate, where Na was higher in BS 40 to 60%. This also confirms a report by Mtshali et al. (2014) that BSs normally have higher Na concentration.  Electrical conductivity is an important parameter to determine the substrate quality as high salt concentration can inhibit plant growth (Fathi et al., 2014). Higher EC would result in reverse osmosis, which would be detrimental to crop physiology and development leading to salt stress. On pH, a study has shown that sewage sludge may vary between slightly acidic to neutral and alkaline ranges depending on the degree of treatment and application of sludge conditioners (Yilmaz & Temizgul, 2012).  Moreno et al. (1997) earlier report confirms the outcome of these results that application of BS may reduce the pH of soils due to humic acid release and may also increase the EC of soils or substrate. In line with our study, Youssef and Eissa (2017), reported that soil pH was decreased due to the production of organic acids during the mineralization of organic manure. However, acidic soils (Forest) have been observed to increase in pH following sludge amendment as earlier reported by Parkpain et al. (2000) and Wong et al. (2001). In addition, pH of soils or substrate may increase due to the exchangeable Ca and other cations present in sewage sludge such as Na (Tsadilas et al., 1995). 

The physical properties of the substrate are the most important parameters related to plant performance. In this work, combinations of FS and BS at 20 to 60% played a vital part in the structure adjustment; decrease in the BD, increased water holding capacity and soil organic matter. Bulk density (BD) was enhanced by FS as indicated in the present work, while water holding capacity and organic matter contents were influenced by BS presence at any level, indicating that the essence of organic matter in the BS. Reduction observed in BD not only make the substrate lighter, but also creates large pores that play an important role in roots growth, gas and water to penetrate in to the substrate, and in any growing media aeration is positively related to air-filled porosity (Wallah, 2007). As been reported by other authors in various studies, BS has higher level organic matter of which 60 90% are biodegradable (Mami & Peyvast, (2010). This study has demonstrated that water holding capacity is an important parameter in a substrate because it dictates how frequent crops can be irrigated in a given period. Similarly, the increasing trend of water holding capacity of the substrate with increased organic matter indicates the important property of organic matter in water retention for plant use in favour of biosolids application. In line with this study Pascual et al. (2018) reported that easily available water in a substrate should range from 20 to 30%. These results were found to be with the ideal water holding capacity of 40–65% that corresponds with water retention of 25–30% (Abad et al., 2001). Similarly, these also concur with Naveen et al. (2017) that BS increases the buffering capacity of soil and also improve water holding capacity of soil. 

The main focus with respect to biological properties of the substrate was the presence and or absence of selected bacteria of economic importance; Salmonella sp., Escherichia coli and Staphylococcus.  The presence of microbes in the soil or substrate depends on the physic-chemical condition. These results indicated that pH may dictate the presence and absence of microbes. There are microbes that may survive in acidic soils while others are neutral substrate as far as pH is concerned. The other factor that determines the mocrobes population, survival and mobilization in a substrate would be moisture and EC of the medium.  In this study, these factors are proposed to be determinants of the presence and absence of Salmonella sp., Escherichia coli and Staphylococcus. The results of this work can be explained from the soluble salt concentration in the BS substrates rates as indicated in these results. At BS 50% and above, the EC was at its highest in the substrate, which was also indicated by higher Na. This was an indication of increased osmotic pressure (salt stress), that would possibly make the substrate draw water out of the cells of microorganism, hence death in the media or reduced chance of survival. This observation is in agreement with Andronov et al. (2012), that salt stress can reduce microbial activities, biomass and community structures in soil or substrate as in this case. Results are also in agreement with the observation of Yan et al. (2015) on the reduction of soil microbes with the influence of soluble salts in the substrate. In overall, to make a better substrate for crop production, it requires balancing of the biosolids amount applied in soil mixes. 
Regarding specific bacteria, Escherichia coli was present and persisted even in the dewatered samples in 6th and 7th pond. This indicated that this bacterioum has a highr degree of survival in an environment of reduce moisture level than the other two Salmonella sp. and Staphylococcus sp. This observation is in agreement with Arthurson (2008) findings on persistence of E. coli, which was the most resistant pathogen in whole process of biosolids treatment. The reduction of Salmonella sp., Escherichia coli and Staphylococcus sp., may indicate that in the process of solarisation, storage and further decomposition, it was a possible elimination process for the targeted pathogens including the stubborn E. coli which persisted in the 7th pond. Our general observation in this study was also in line with earlier report by De´portes et al. (1998), that there was a decrease in faecal contamination indicators and disappearance of faecal pathogens when BS were stored before use over period of one year.

3.5 Conclusion and recommendations
The present study evaluated the physico-chemical and biological characteristics of biosolids to determine their suitability as a substrate for crop production. The results indicated that application of biosolids increases organic matter and may possibly reduce use of mineral fertilizers. However, addition of biosolids above 30% may increase soil EC and decrease pH. Biosolids contain sufficient amounts of organic matter, which improved soil physico-chemical and biological properties of the substrate for crop production, while heavy metals were within the allowable range. 
This study recommends use of BS as a substrate mixture with soil (forest soil), up to the limit of 30% (v/v) for crop production. Liming may be a good option for adjusting the pH of biosolids substrate. More studies may be necessary on various horticultural crop varieties as potted substrate and comprehensive analysis to be carried out on plant response and biosafety of these agricultural food products. 

CHAPTER FOUR

OPTIMIZATION OF BIOSOLIDS-FOREST SOIL POTTING MIXTURE FOR TOMATO TRANSPLANT PRODUCTION
Abstract 

The need to recycle waste and increasing pressure against peat extraction and importation, have led to increasing interest substituting peat with organic wastes. Use of biosolids substrate would be low-cost alternative substrate to peat for commercial production of transplants. The objective of this study was to determine the effect of biosolids-forest soil mixing rates on tomato ’Maxim F1’ seedling emergence and growth. A randomized complete block design with four replications was used in this study. The treatments were: biosolids (BS) mixed with forest soil (FS) at rates of) 0%, 10% (1:10), 20% (1:5), 30% (3:10), 40% (2:5), 50% (1:2) and 60% (3:5) (v/v), tea compost (TC) and coco peat (CP). Five tomato seeds were planted in four 250 cm3 pots, grouped into four to form an experimental unit. Results showed that biosolids (BS) at the rate of 30% registered significantly (p < 0.05) higher seedling emergence (94%), leaf numbers (4.5), height (16.5 cm), collar diameter (6.3 mm), chlorophyll content (25 index units), root volume (2.0 cm3) and root/shoot dry matter (10.2 % and 16.3%, respectively) than the rest of the substrates except tea compost TC.  At 30% BS enhanced tomato transplant production to similar level as tea compost, hence recommended for commercial use. 
Key words: Biosolids, Quality, Seedling growth, Solanum lycopersicum L., substrate, tomato.
4.1 Introduction 

Tomato (Solanum lycopersicum L.) can be established in the field by direct seeding or by transplanting. Tomato production by transplanting has been done over the years to increase resource use efficiency and reduce environmental impact on seeds planted (Restrepo et al., 2013). Cultivation from transplants has many advantages including earlier harvest; more efficient use of land, time, energy, and seeds; and healthy and homogenous production (Pascual et al., 2018).  In comparison with direct sowing, transplanting is a more reliable method of ensuring higher plant survival, faster establishment, improved plant uniformity, early maturity, and reduced cost of production (Gogo et al., 2012). The production of tomato seedlings, especially in sub-Saharan Africa with great expansion of open field and greenhouse crops, is a highly competitive business. Besides, uniform and rapid seed emergence and quality are essential prerequisites to increasing tomato yield, quality, and profits (Wachira et al., 2014). In addition, tomato seeds especially F1 hybrids are expensive and farmers in developing countries cannot tolerate poor germination as a result of poor soil conditions (HCD, 2017). Use of ideal transplant substrates with appropriate physicochemical properties, is therefore critical (Sterrett, 2001). 

In transplant production, the main purpose of the substrate is to satisfy the needs for good seedling growth within the limited space of a container and to prepare the seedlings for successful transplantation into the field (Pascual et al., 2018). The quality of growing media is one of the main factors influencing the success of horticultural nursery activity (Raviv and Lieth, 2008), and it is also directly linked to the quality of the materials utilized in growing media formulations (Reis &Coelho, 2007). The choice of appropriate substrate is therefore an important factor in promoting optimum growth of plants. A number of potential substrates have been identified, among which Peat moss has long been the primary component of transplant and potting media for both vegetable and ornamental plants. This has been mainly due to its suitable physical and chemical properties e.g. adequate free air space (FAS) at 0-10 cm water suction; high water content at low tension at 10-100 cm water suction; and high cation exchange capacity (CEC) minimizing a loss of nutrients and facilitating adequate mineral nutrition (Colla et al., 2007; Raviv et al., 1986). However, peat also has some notable disadvantages; being conducive for the development of some soilborne plant pathogens such as Pythium and Rhizoctonia (Hoitink & Kuter, 1986). Furthermore, peat moss is normally harvested from wetland ecosystems at rates considered non-sustainable by wetland ecologists (Buckland, 1993). These drawbacks have motivated horticulturists throughout the world to seek alternatives like Coir (Coco peat) which has several qualities: high water-holding capacity, excellent drainage, absence of weeds and pathogens, renewable resource, with no ecological drawbacks to its use, acceptable pH, cation exchange capacity (CEC) and electrical conductivity (EC) and easier wettability (Cresswell, 1992). Under nursery conditions, coco peat and peat moss have been used as a reliable media for organic production of lettuce transplants (Colla et al. 2007). However, coco peat has become more expensive and its properties are more variable (Chrysargyris et al., 2013). Thus, it is important to look for high quality, locally available and low-cost alternative substrates. 

Among the organic substrates for transplants production, vermicompost is a promising substitute for peat especially in the production of seedlings, but not a solution for management of organic wastes (Ivanka & Tsvetanka, 2012).  Use of biosolids from treated sewage, has been proven to be promising (Giannakis et al., 2014); Vyas, 2011). The effects of biosolids on seedling emergence and growth have been investigated by Chrysargyris and Tzortzakis (2015) and their results indicated that application of biosolids as a substrate in Marigold (Tagetes erecta L.) and Basil (Ocimum basilicum L.) seedlings production has potential. Similarly, use of organic urban waste compost for tomato (Solanum lycopersicum L.) transplant production has been reported to result in quality transplants in the seedbed (Herrera et al., 2008). Chrysargyris and Tzortzakis (2015) specified biosolids as an ideal component of mixed-peat substrates for eggplant (Solanum melongena L.) seedlings, at a rate less than 30% substrate mixture. In another study on cucumber transplants production, Mami and Peyvast (2010) recommended the use of biosolids at 5% and below on peat mixture. However, the use of biosolids as substrates depending on the ratios may have negative effects as a consequence of its high salt content, unsuitable physical properties (texture, structure, moisture content, porosity), heavy metal toxicity, and variable quality and composition (Papamichalaki et al., 2014). The appropriate amount of biosolids added in growth medium needs to be determined to improve plant growth. Therefore, this study investigated the the effect of biosolids-forest (BS: FS) soil mixing ratios on tomato transplants emergence and growth.
4.2 Materials and Methods

4.2.1. Site description

This study was conducted in two trials at the Horticulture Research Field, Egerton University, Kenya, during January to February and March to April, 2018 season. The site is located on latitude 0 23’ S and longitude 35 35’ E in the lower highland III (LH3) agro ecological zone at an altitude of 2238 m above sea level (Jaetzold et al., 2012). The experiments were done in an area measuring 1.2 m by 3.5 m within a plastic greenhouse size 8 m by 60 m and a height of 3 m. The greenhouse covering material was UV stabilized polythene sheet gauge 150 μm from Amiran, Co Ltd Nairobi Kenya. During the experiment period, Greenhouse   microclimatic condition was monitored at day from 6:00 AM-6:00 PM and night 6:00 PM – 6:00 AM and air temperatures inside the greenhouse during the experiment were 24.5 ± 0.9 °C and 13.3 ± 4. °C, respectively. Average day and night relative humidity inside the greenhouse were 55 ± 6. % and 80 ± 6 %, respectively.
4.2.2. Biosolids and forest soil sample collection, substrate preparation, transplants 
establishment and Irrigation schedule  

Dry biosolids samples were collected from a pond at Egerton University wastewater treatment plant for laboratory analysis (section 3.2). Substrates for transplants were prepared by mixing biosolids and forest soil (BS: FS at rates of 0%, 10% (1:10), 20% (1:5), 30% (3:10), 40% (2:5), 50% (1:2) and 60% (3:5) (v/v). Each proportion was comprehensively analyzed for plant nutrient, along with tea compost (TC) and coco peat (CP) as reference commercial substrates and their characteristics were as shown in Table 4.1. Porosity of each substrate was calculated from the ratio of the determined bulk density and of known particle density (2.65 g cm​3) as in the equation given below (Okalebo et al., 2002):  
Porosity (%) = 1 ​ (Bulk density /Particle density) × 100).
Tomato seeds were then planted in the pots in the evening and substrates watered to field capacity to give tomato seeds similar chance of ambition in different substrates tested. After 24 hours each substrate was irrigated with 15 ml of water after every 12 hours for the first 15 days. The volume of water was increased to 20 ml for the next 10 days, then 25 ml for the remaining days of the experiment. 

Table 4.1: Physico-chemical characteristics of the substrate used for tomato transplant production.

	Characterization/substrates 
	FS
	BS 10%
	BS 20%
	BS 30%
	BS 40%
	BS 50%
	BS 60%
	TC
	CP

	Bulk density (g cm-3)
	1.7
	1.6
	1.5
	1.3
	1.3
	1.3
	1.3
	1.3
	1.2

	Porosity %
	35.9
	39.6
	43.4
	50.9
	50.9
	50.9
	50.9
	50.9
	54.7

	Moisture content (%)
	25.8
	34
	40.8
	42.8
	44.5
	45.1
	45.9
	44.7
	45.3

	EC (mS m-1)
	2.6
	3.2
	3.6
	4.4
	5.1
	5.2
	5.4
	4.3
	5.2

	pH
	7.4
	6.2
	6.6
	6.5
	6.4
	5.6
	5.4
	7.4
	7.4

	Organic matter (g kg-1)
	157.7
	197.8
	196.7
	210
	209.8
	220
	222.9
	207.2
	171.4

	C:N
	21.3
	19.7
	15.4
	9.6
	12.7
	14.7
	12.5
	7.6
	10.8

	Total Carbon (mg g-1)
	91.7
	115.0
	114.4
	122.1
	122.0
	127.9
	129.6
	120.5
	99.6

	Total N (g kg-1) (0.1)y
	4.3
	5.9
	7.4
	12.9
	9.6
	8.9
	10.5
	16.3
	9.2

	Total P (mg k g-1) (70)y
	69.1
	83
	90.3
	101
	95.9
	79.3
	70.3
	116.1
	33.8

	K (mg kg-1) (700)y
	132.5
	412.3
	419.9
	427.8
	422.4
	403.7
	403.5
	369.6
	344.1

	Ca (mg kg-1) (1000)y
	21.9
	24
	22.8
	29.5
	27
	28.5
	27.5
	43.5
	38.5

	Mg (mg kg-1) (700)y
	131.1
	126.1
	117.7
	119.1
	113.8
	47.7
	37.2
	126.6
	114.6

	Na (mg kg-1)
	62.9
	254.8
	342.1
	252.8
	348.3
	349.8
	376.3
	114.8
	164.4

	Mn (mg kg-1) (20)y
	69.6
	530.4
	524.8
	539.4
	553.9
	551.9
	544.8
	167
	29.8

	Fe (mg kg-1)
	27
	2490
	2473.9
	2479.1
	2471.5
	1184.1
	852.5
	207.4
	114.1

	Zn (mg kg-1)
	4.7
	47.4
	44
	44
	45.9
	24.4
	25.4
	21.9
	16.4

	Cu (mg kg-1) (100)z
	4.4
	12.2
	12.7
	10.3
	12.7
	13.1
	13.3
	14
	6.5

	Cd (mg kg-1) (1)z
	0.0023
	0.0128
	0.0115
	0.0117
	0.0122
	0.0122
	0.0122
	0.0122
	0.0121

	Pb (mg kg-1) (150)z
	109.6
	2.8
	2.1
	5.1
	3.1
	6
	2.5
	20.1
	4.3


yRecommended levels of nutrients in soil for tomato production according to Sainju et al. (2003). zMaximum ceiling values of heavy metals for agricultural land application according to NSW EPA (2000). Key: FS (Forest soil), BS (Boisolids), TC (Tea compost) and CP (Coco peat).
4.2.3. Experimental set up and design

The experimental design was randomized complete block design (RCBD), replicated four times. The treatments included seven BS: FS soil mixtures substrates at different ratios and two commercial substrates TC and CP (Table 4.2). In the experiment, plastic pots (250 cm3) were used for potting the substrates. A treatment composed of four pots, each planted with four tomato ‘Maxim F1’ seeds.

Table 4.2: Treatment description: Biosolids (BS) and Forest Soil (FS) mixture (v/v)
	Treatment and ratios
	Biosolid (%)
	Forest soil (%)

	FS
	0
	100

	BS 10% (1:10)
	10
	90

	BS 20% (1:5)
	20
	80

	BS 30% (3:10) 
	30
	70

	BS 40% (2:5) 
	40
	60

	BS 50% (1:2)
	50
	50

	BS 60% (3:5)
	60
	40

	Tea compost
	0
	0

	Coco peat 
	0
	0


4.2.4. Determination of seedling emergence and growth 

The number of emerging seedlings was recorded. Based on the number of planted seeds (16), seedling emergence percentages were computed progressively after 7, 9 and 11 days after planting (DAP). Germination percentage was determined using equation adopted by Atif et al. (2016), with modification as given below:

G (%) = (S2 / S1) *100
 Where G is the germination percentage, S1 is total seeds planted and S2 seeds germinated.

Ten tomato seedlings were randomly selected and tagged for data collection on growth parameters. Seedling height, collar diameter, leaf number and leaf chlorophyll content were determined 14, 21 and 28 DAP. Seedling height was determined using a measuring tape from the ground level to the tip of the seedling. For stem diameter, a stainless hardened 150 mm LCD electronic digital Vernier mark (Grainger, USA) was used. The unit of measurement was millimeters (mm). The stem diameter was measured on the main stem of the plant at 1cm above the substrate. Number of leaves was determined by counting of the true leaves. 
4.2.5. Determination of transplant leaf chlorophyll content 

This was determined using a chlorophyll content meter (CCM-200) plus; Opti-Sciences, Tyngsboro, MA). Chlorophyll content was determined as chlorophyll concentration index units (CCls). Three readings of chlorophyll content were taken on the third newly developed leaflet from the top of each tomato plant and means were computed for each replication. The Leaf chlorophyll was measured using SPAD chlorophyll meter (Minolta SPAD502 meter, Tokyo, Japan). Pengfei (2017) reported that SPAD values have a direct linear relationship with extracted leaf chlorophyll therefore, SPAD value was used to describe leaf chlorophyll index units (CCls) in the current study.

4.2.6. Determination of root volume and root/shoot dry weight 

During seedling harvesting on the fourth week (28 days after planting), four seedlings were randomly selected and carefully uprooted. The roots were washed clean in running tap water on a sieve of pore diameter of 1 millimeter. Separation of tomato transplant roots and shoot was done at the crown level. Root volume, was determined by scanning plant roots using Epson Expression 10000XL color image scanner and analyzed using Winrhizo software (LA 2100-Regent Instruments Inc.) as described by Mwamlima et al. (2019) in plate 4.1.  
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Plate 4.1: Epson Expression 10000XL color image scanner and analyzed using Winrhizo software (LA 2100-Regent Instruments Inc.)

For dry weight, separated shoot and root plant parts were dried in an oven to constant weights at 60°C for 24 h as described by Hossain et al. (2008). Mean weights of dried samples were taken as shoot and root biomass per plant.  The roots and the shoots of the randomly selected four plants were also used to determine dry weight. This was done by oven drying the roots and shoots of the seedlings at 105 ᵒC until constant weight was achieved. Percentage dry root and shoot weight was computed based on the initial fresh weight according to equation below:

RDMA (%) = DW (g) / FW (g)*100 (Atif et al., (2016),
Where RDMA; root dry matter accumulation in percentage, DW; dry weight (g) and FW; fresh weight (g).

4.2.7. Data analysis 

Data analysis was carried out using statistical package SAS version 9.1 (SAS Institute, Cary Inc., 2001). Data for the two trials was pooled and subjected to analysis of variance (ANOVA) at p ≤ 0.05 and means for significant treatments separated using Tukey’s Honestly Significant Difference (HSD) test at p < 0.05.  
The model fitted for the experiment was Yij= μ + βi + αj + εij,  
Where, yij = tomato response, μ = overall mean, βi = effect of the ith block, αj = effect of the jth level of substrates εij = random error term, i = 1, 2, 3, 4; j= 1, 2, 3 …9 
4.3. Results 

4.3.1 Seedling emergence 
The substrates tested influenced the emergence of tomato seedlings differently (Figure 4.1). Tea compost (TC) and biosolids (BS) at 30% had the highest emergence percentage compared to the rest of the substrates throughout the evaluation, while Coco peat (CP) had the lowest emergence percentage. Through day 7 to day 11 the BS 30% was the significantly (p<0.05) higher (90-95%) in seedling emergence and this was not significantly (p<0.05) different from (90 – 92%) of TC (commercial substrate). At day 7, soil control (FS) was not different from CP (another commercial substrate).
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Figure 4.1: Effect of biosolids on emergence of tomato seedlings. Means standard deviation error bar followed by the same letter within a day after planting are not significantly different according to Tukey’s HSD test (p < 0.05). Key: Soil (FS); Biosolids (BS); Tea compost (TC); Coco peat (CP).

4.3.2 Plant height 
Biosolids (BS) influenced tomato seedling height during the growing period (Figure 4.2). A part from BS at the rate of 30% and TC, which produced the tallest transplants, there were no significant (p<0.05) differences among the rates of 20%, 40% 50% and 60% in plant height. Biosolids at 30% was consistently similar to tea compost (TC) in producing taller tomato seedlings 14, 21 and 28 days after planting (DAP).  However, the shortest plants were obtained with forest soil (FS) and coco peat (CP). 
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Figure 4.2: Effect of biosolids on tomato seedling height. Means with standard deviation error bar followed by the same letter within a day after planting are not significantly different according to Tukey’s HSD test (p < 0.05).

4.3.3 Leaf number
The leaf number in tomato plants were significantly higher in BS 30% compared to Forest Soil (FS). In copmarision to the commercial substrate, TC was not significantly (p<0.05) different from BS 30% (Figure 4.3).  However, there was no significant difference between BS rates within the range of 10% to 40% on 14, 21 and 28 DAP. The lowest tomato leaf number was obtained with FS and CP. Biosolids at 50 and 60% resulted in significantly (p<0.05) lower number of leaves than BS at 30% on 14 and 28 DAP. 
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Figure 4 3: Effect of biosolids on tomato seedling leaf number. Means with standard deviation error bar followed by the same letter within a day after planting are not significantly different according to Tukey’s HSD test (p<0.05).

4.3.4 Collar diameter
 Application of biosolids at 30% resulted in the widest collar diameter of tomato seedlings throughout the period of the experiment (Figure 4.4).  All the treatments except tea compost 14 DAP recorded narrower collar diameter than BS at 30%.  Coco peat was not significantly (p<0.05) from the control on collar diameter.
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Figure 4.4: Effect of biosolids on tomato seedling collar diameter. Means with standard deviation error bar followed by the same letter within a day after planting are not significantly different according to Tukey’s HSD test (p<0.05).

4.3.5 Chlorophyll content
Tomato transplants grown on biosolids at 30% had significantly (p<0.05) higher leaf chlorophyll content compared to the rest of the treatments (Figure 4.5).  Using coco peat (CP) resulted in transplants with the lowest chlorophyll content. However, there was no much difference in physical appearance of the leaf colour (Plate 4.2). 
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Figure 4.5: Effect of biosolids on tomato seedling leaf chlorophyll content. Means with standard deviation error bar followed by the same letter within a day after planting are not significantly different according to Tukey’s HSD test (p<0.05).

[image: image20.jpg]



Plate 4.2: Responses of leaf Chlorophyll content demonstrated in biosolids BS 30% and 40% compered to at CP (Coco peat) substrate for transplant production. 
4.3.6 Root volume
 Tomato transplants root volume was affected by use of biosolids (Figure 4.6) and plate 4.3). Biosolids at 30% resulted in significantly (p<0.05) higher root volume than the forest soil, coco peat and the other tested rates of BS.  However, there was no significant difference in root volume between tomato transplants grown on biosolids at 30% and tea compost. 
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Figure 4.6: Effect of biosolids on tomato root volume. Means with standard deviation error bar followed by the same letter within a day after planting are not significantly different according to Tukey’s HSD test (p<0.05).

4.3.7 Root and shoot dry weight 

There was similar response of transplants to different substrates in terms of roots and shoot dry weight (Figure 4.7). Transplants grown on biosolids at 20% or 30% had significantly (p<0.05) higher root dry weight, which was similar to that obtained with tea compost.  In addition, biosolids at 30% and tea compost similarly recorded significantly (p<0.05) higher shoot dry weight than all the other treatments. Forest soil and coco peat resulted in the lowest root and shoot dry weight. 
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Figure 4.7: Effects of biosolids on tomato seedling root and shoot dry weight at week 5 after planting. Means with standard deviation error bar followed by the same letter within a day after planting are not significantly different according to Tukey’s HSD test (p<0.05).
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Plate 4.3: Characteristics of tomato transplants root development in substrates tested, scanned from WinRhizo, for determination of root volume and density. Key: Responses of roots development to different substrate, FS (soil control) BS (biosolids rates), TC (Tea compost) and CP (Coco peat).
4.4 Discussion

The response of tomato transplants depends on the physico-chemical and nutritional characteristics of a substrate. Although numerous authors have reported the beneﬁcial eﬀects of the addition of biosolids to peat mixes (Chrysargyris & Tzortzakis, 2015; Herrera et al., 2008; Mami & Peyvast, 2010), limited number of studies, have reported the use of biosolids (BS) in forest soil (FS) mixture as a substrate. These results show that use of BS at 30% can support tomato transplant. This can be attributed to its characteristic of higher availability of plant nutrients such as N, P, K, Mg, Fe, Mn, B and Mo (Table 4.1). 

Biosolids application served several purposes in the substrate.  It improved the texture and water holding capacity, making conditions more favorable for root growth and increased emergence on tomato transplants. The application of BS at 30% also supplied nutrients essential for plant growth, including N, P and K and Mg, as well as some essential micro nutrients like Zn, Fe, Cu, B and Mo (Table 4.1).  As been reported by Tzortzakis et al. (2012), nutrients in the biosolids offer several advantages over those in inorganic fertilizers because they are in organic form hence are released slowly to growing plants. Moreover, in organic form, nutrients are less water soluble and therefore least likely to leach into groundwater or run-off into surface waters. This is in agreement with the findings of Zhao et al. (2010) in relation to the benefits associated with increased organic matter content in the soil. In line with this, Shiralipour et al. (1992) earlier reported that organic matter contributes to increased nutrient, total pore space, aggregate stability, erosion resistance, temperature insulation and reduced soil bulk density. These factors play a major role during germination and emergence of seedlings. Soil temperature and moisture content equally play a critical role during germination and emergence of tomato seedlings (Weaver et al., 1988). In concurrence with the present study, findings by Chrysargyris and Tzortzakis (2015) revealed that biosolids enhance seed germination and emergence in eggplant transplants. The ability of biosolids to improve physical properties of a good media is related to increased organic matter content (Zhao et al., 2010). In regards to the current study, tomato seeds are small and therefore require fine and light media, a rhizosphere created with BS at 30%, which possibly enhanced germination and emergence of the seedlings. 

Plant height, leaf number and girth of the seedling were highest in seedlings grown in BS at 30% and apparently not very pronounced in TC (Figures 4.3 & 4.4). Abdel-Mawgoud (2007, reported plant growth and yield as a function of nutrients supply provided that all other conditions are met. In this study, there was clear positive trend of increasing plant height, leaf numbers with increased rates of BS. Tfrom the result of the present study, BS at 30%, may be attributed to its nutrient content as reported in the previous chapter Enhancement of plant growth as a result of increasing nutrients in organic amendments has been reported by Sainju et al. (2003). These results are in agreement with the work of Oyinlola and Jinadu (2012), where nitrogen rates in the soil increased tomato plant height. The nutrients not only encourage vegetative growth but also enhance of photosynthesis, chlorophyll density and plant root respiration which result in greater plant growth when applied (Tan & Binger, 1986). The findings of this study suggest that the optimum rate of BS to use as soil amendment should not exceed 30 % for transplant production. The difference between the BS at 30% and TC substrate seems to have been caused by the reduced level of K in the latter (Table 3.3). Potassium is an essential element during plant growth and development (Ortas, 2013).  Since K is a vital element in many physiological processes, it may have been involved in transplant stem thickness. It is known that K plays a major role in physiological and biochemical processes such as enzyme activation; metabolism of carbohydrates and protein compounds (Zhen et al., 1996). Besides, K has a significant role to play in the plant energy status for storage of assimilates and tissue water relation. Potassium is also needed in photosynthesis and the synthesis of proteins; hence its deficiency in plants will show as slow, stunted growth and in some crops, weak stems and lodging (Silva & Uchida, 2000). 

Application of BS especially at 30% enhanced leaf chlorophyll as indicated by higher chlorophyll concentration index units (Figure 4.5). One of the critical physiological developments responsible for seedling growth is photosynthesis. The quantity of chlorophyll per unit area is an indicator of photosynthetic capacity of a plant and this explains the better growth observed in tomato seedlings grown in BS at 30%. In other studies, Zuba et al. (2011) and Ilupeju et al. (2015) postulated that, the rates of organic amendment applied in growing media were linked to the nutrient element levels in the substrate. In regards to this study, plant nutrient availability may have enhanced the amount of chlorophyll in the plants, as exhibited by the presence of mineral elements such as N, P, Mg, Fe and Zn in biosolids in large quantities. These nutrient elements have been reported to be high in biosolids from organic part of municipal solid wastes (Chrysargyris & Tzortzakis, 2015). Other studies have also reported that biosolids are able to increase nutrient availability in soils (Shiralipour et al., 1992; Xu et al., 2012). In a related study on eggplant seedlings production, Chrysargyris and Tzortzakis (2015) observed that leaf chlorophyll content increased with addition of organic solid waste and Tzortzakis et al. (2012) earlier observed similar results.  

The underground part is very important in transplant life and determines whether it can survive when transferred to the field environment or not. The roots in particular play a pivotal role in the plant’s life cycle (Somkuwar et al., 2012). Roots are also known to provide an important link between soils and plants (McMichael et al., 2010; Xi et al., 2013). Furthermore, root systems have important physiological and biological functions for crop growth and yield (Liang et al., 2003; Yang et al., 2010). The ability of roots to develop perfectly depends on the medium or substrate status. Root growth is linked to the physico​chemical properties and nutrient availability in a substrate. The ability of a plant to absorb water and mineral nutrients from the substrate depends on its capacity to develop an extensive root system. In regards to the present study, the bulk density and porosity of a substrate played a role in root development (Table 4.1). Biosolids at 30% substrate significantly enhanced tomato transplant root growth and morphology. In tomato, the tap root formed at an early stage extends deeply into the soil followed by secondary and tertiary, then delicate root hairs, which require water and air among the three phases (solid​-liquid-​gas) of the substrate (Manahan, 2000). The phases are very essential in water and plant nutrient absorption, based on porosity of the media as demonstrated by the BS at 30%. Furthermore, the supply of O2 is essential for root growth and metabolism. Generally, as roots grow through the soil, they follow soil available pores and this is a contribution of the air space and the level of organic matter as evident in BS at 30%. This is also in agreement with Abad et al. (2001) and Pascual et al. (2018) who reported on the range of bulk density required for good root development in a substrate. Biosolids at 30% was therefore identified as the rate of an ideal substrate, exhibited by producing many fibrous and dense root systems than the rest of the substrates (Plate 2 c, e). Additionally, based on the porosity of the studied substrates, it appears that BS at 30% not only created air space for the root development to enhance nutrient use efficiency, but also availed organic matter, which is connected to higher water holding capacity (Chapter 3). This is a critical factor for reducing irrigation schedule as in the case of the present study, making BS 30% a better substrate than the rest. The result of this study also suggests that the BS with rates as low as 10% may need frequent irrigation schedule. On the other hand, even though there was further increase in organic matter as the BS rates increased above 30%, increase in EC was observed (Table 4.1). This normally has a profound effect on the plant function, especially in reverse osmosis, which may subsequently affect continuous water flow and transpiration in the plant, leading to retarded growth (Mengel & Kirkby, 2001).

The enhanced shoot and root dry weight exhibited in BS at 30% was an indication of the potential of the BS as a soil amendment and its ability to improve the physico-chemical quality of the substrates for transplant development. It may be speculated that forest soil mixed with BS at 30% created room for root respiration and development. The plants had better chance of nutrient absorption hence increased dry matter compared to the other substrates tested. From the earlier results (chapter 3), BS 30% was demonstrated to have among other macronutrients, P available in a significantly higher quantities than other rates including control. Phosphorus is involved in the formation of energy rich compounds, including adenosine triphosphate and adenosine diphosphate which in turn derive various bio-chemical reactions within the plant (Memon, 1996). As one of the vital plant macronutrients, phosphorus plays a vital role in the root and shoots development and this contributed immensely to the subsequent increase in shoot biomass of plants grown in BS at 30%. Biosolids analysis in this work also indicated the presence of Zn, Cu, Fe and Mn in significant quantities especially in BS 30%.  As advocated by Atif et al. (2016), a balanced presence of these essential micro elements may have promoted the growth of the seedlings in BS at 30%. These results are in agreement with work of Reis et al. (2017), who observed that addition of biosolids in soil resulted in significant increase in total root and shoot dry weight of Leptospermum scoparium in a pot experiment. Furthermore, Sainju et al. (2003) earlier reported that vigorous root growth stimulated by P helps in better utilization of water and other nutrients in the soil and promotes a sturdy growth of stem and healthy foliage, which may subsequently contribute to roots and shoot dry matter. 

4.5 Conclusion 

The results in this study demonstrated that application of biosolids to substrate was beneficial in the tomato transplants production. The influence of biosolids at 30% was significant and specifically on leaf number, plant height, chlorophyll content and root development. It is therefore a potential high quality, locally available and low-cost substitute for peat and coir substrates in transplant production. Biosolids applied at moderate levels (30%) in forest soil mixture could not only improve the physic-chemical properties of the substrates but also reduce environmental pollution. 
CHAPTER FIVE
INFLUENCE OF BIOSOLIDS-BLENDED FOREST SOIL AND NPK FERTILIZER ON GROWTH AND FRUIT YIELD OF GREENHOUSE GROWN TOMATO  

Abstract

Small-scale farmers in developing countries are rapidly adopting greenhouse tomato production. However, soil borne pests, diseases and nutrient depletion limit the productivity of tomato crop. Containerized tomato production using composted biosolids may alleviate these foresaid problems. The objective of this study was to determine the effect of biosolids-blended forest soil substrate and NPK fertilizer on growth and yield of potted greenhouse tomato ‘Maxim F1. The design was a split plot embedded in randomized complete block design, replicated four times, with NPK and biosolids rates as the main plot and subplot factors respectively. Forest soil (FS) was blended with biosolids (BS) at five levels (v/v): 0% (B0, FS), 10% (B1), 20% (B2), 30% (B3), 40% (B4) while NPK fertilizer (17:17:17) was applied at three levels: 0 kg ha-1, 100 kg ha-1 and 200 kg ha-1. Result on growth and yield showed that biosolids as a substrate for greenhouse tomato was significant (P<0.05) due to interactive effects of BS at 10% rates with NPK fertilizer. Forest soil blended with BS at the rate of 10% and 100 kg ha-1 of NPK was consistently higher in tomato height 108) cm, stem diameter (17.3) mm, leaf numbers (23) and volume (101 g cm-3) per plant, compared to FS and the rest of combination. The same treatment combination registered consistently higher flower trusses (5.4) and flowers (17.4) per plant during growth period.  However, in all the parameters tested, this treatment combination was not significantly (P < 0.05) different from forest soil blended with BS at 30% without NPK fertilizer. From the current results using 10% of composted biosolids combined with NPK at rate 100 kg ha-1 or BS   30% alone as a substrate was appropriate for potted tomato production in greenhouse.

Key words: Biosolids, Forest soil, Growth, NPK Fertilizer, Tomato Yield 

5.1. Introduction 

 Tomato (Solanum lycopercicum L.) is one of the most important vegetable crops grown throughout the world under field and greenhouse conditions. It is a widely distributed vegetable crop, consumed in a variety of forms (Tanveer et al., 2019). Tomato is rich water, proteins, fibre, carbohydrates, calories, a large number of vitamins and minerals (Chew et al., 2014). It is known for its nutritional importance, rich source of nutrients Na, K, Fe, vitamin A and C and antioxidants especially lycopene (Afzal et al., 2013, High tunnel technology has been seen as the solution to propel medium and small-scale tomato production, due to high levels of efficiency and the potential to support sustainable socio-economic development (Badimo, 2020). This is connected to the pressing need to meet the ever-rising heterogeneous tomato demand. Greenhouse technology can improve livelihoods for many smallholder farmers; thus, they are adopting the technology since it brings higher economic returns in comparison to open-field agriculture (Omoro et al., 2015). Even though in Kenya, greenhouses are commercially used to produce cut-flowers for export, the scenario is slowly changing with small scale farmers adopting it to grow high value food crops such as tomatoes, strawberries and melons among other crops. Despite this positive trend, greenhouse farming is not vibrant in the hot humid tropical climate region of Kenya (Sanzua et al., 2018). This is because under soil-based production, normally there is nutrient depletion through plant uptake and leaching beyond the root-zone of vegetable crops (Kirimi et al., 2011), resulting in reduced yield in the following season. The continuous growing of tomato in the greenhouse soil leads to accumulation of soil borne pests and pathogens especially bacterial wilt Ralstonia solanacearum, which has forced most farmers to abandon greenhouse tomato production (HCD, 2017). This problem can be alleviated by planting tomatoes in pots using commercial substrates like peat compost, which are not locally available and unaffordable by the small-scale farmers (Andika & Ngamau 2009). 

The use of biosolids is another area in crop production which has not been fully exploited, yet its accumulation poses a growing environmental problem. Worldwide, its disposal includes land application, composting, landfilling or incineration (Özyazıcı, 2013). Yet it represents an easily accessible source of organic matter and nutrients (Torri & Alberti, 2012). Recycling biosolids in agricultural land is regarded as the most pragmatic and environmentally sustainable approach by most scientific and regulatory authorities (Mtshali, 2014). Biosolids are beneficial resources, containing essential plant nutrients (nitrogen, molybdenum and zinc), and organic matter and can be recycled as fertilizer and soil amendment. Proper application of biosolids can not only improve soil physical properties (Chang et al., 2014) but also enhance the biological and chemical properties of the soil (Seran et al., 2010). Research has provided evidence that biosolids may contain several groups of biologically active substances such as humic substances, amino acids, vitamins, and phytohormones) (Zhang et al., 2012) that may enhance plant growth. 

Biosolids use in agriculture is considered an attractive waste management tool for effective reduction of waste volume and its potential in agriculture has not been fully exploited and is envisaged as a potential nutrient source for greenhouse crops (Ribas-Agusti et al., 2016).  They could increase soil microbial populations (Jurado et al., 2001), because of their organic content, thus enhancing nutrient availability to plants. Consequently, by using them as substrate mixes, they may improve physical, chemical, and biological soil properties and act as both as fertilizer and soil conditioner (Chang et al., 2014; Sharma et al., 2017). Since boisolids have a large portion of organic materials, composting is the best sustainable option that would not only reduce biosolids waste volume but also benefit its agricultural potential (Awomeso et al., 2010). Studies have shown that mixtures of biosolids (20–50%) with perlite may be used as substrates without the need for additional mineral fertilizer (Castillo et al., 2004). 

Biosolids are approximately 60-90 % biodegradable and may be used as a bulking material to absorb excess water, and supply a useful raw product for the horticulture industry (Mami & Peyvast, 2010).  In addition, they contribute to soil organic matter (SOM) restoration, soil structure improvement, microbial activity stimulation, and supply of crops with essential nutrients, all contributing to reduced production costs (Giannakis et al., 2014).  Application of biosolids alone or in combination with other materials to soil was reported to increase yield of several vegetable crops including Solanum lycopersicum L., Cucurbita maxima and Phaseolus vulgaris (Ozores-Hampton & Peach, 2002). Biosolid also reduced N requirement in Capsicum anuum yields equal to those with recommended fertilizer (Ozores-Hampton et al 2000). Therefore, recycling of biosolids for agricultural purpose seems to be an appealing solution for sustainable management of biosolids.

However, the main problems of excessive biosolids application include toxicity due to accumulation of heavy metals in soils (McGrath et al., 2000; Hargreaves et al., 2008) and the increase in salt content (Hao & Chang, 2003). Safe rates of biosolids application in agriculture is included in the best management practices (BMPs); operating methods that ensure the proper land application of biosolids for protection of the environment and human health has been reported by Qin et al. (2012). The other problem associated with the use of biosolids is the stigma associated with their use openly. This includes public fear that land application would lead to degradation, soil contamination, ground water pollution as well as potential threat to human and animal health, from the presence of pathogens (Ozores- Hampton & Peach 2002). Moreover, other reports have demonstrated that under certain conditions, biosolids induces lower yields in comparison with mineral fertilization (Martínez-Blanco et al., 2011; Seufert et al., 2012). Reduction of yield and quality may be due to the presence of nutrient in more complex forms leading to unavailability for plant need (Giannakis et al., 2014).  
The other area that raises concern in a substrate of this kind is fixing of some element due to their incompatibility. Iron-rich soils are P-limited, due to proposed stable P binding at Fe compounds (Hamad et al. 1992; Kooijman et al. 2020). When excess Fe locks up availability of P to form complexes, it may therefore necessitate the external supply P to precipitate Fe toxicity. In general, soil mixed with biosolids can possibly substitute for or reduce use of commercial fertilizers if applied in the right amounts to soil. Full utilization of nutrient content in biosolids would provide significant cost reduction in fertilizer acquisition while minimizing overall disposal of solid wastes to landfills or incinerators (Dhir et al., 2001). Therefore, this study focused on determination of the effect of biosolids-blended forest soil and inorganic fertilizer NPK (17:17:17) on growth and yield of potted greenhouse tomato.

5.2 Materials and methods

5.2.1 Site Description

This study was conducted for two growing seasons (season 1; January to May 2018, and season 2; June to November, 2018 at the Horticulture Research and Teaching Field, Egerton University, Njoro, Kenya. The site is located on latitude 0 23’ S and longitude 35 35’ E in the lower highland III (LH3) agro ecological zone at an altitude of 2238 m above sea level (Jaetzold et al., 2012). A tunnel-shaped greenhouse measuring 8 m by 60 m by with a height of 3 m and covered with UV stabilized polythene sheet gauge 150 μm from Amiran Co Ltd, Nairobi Kenya was used for the experiment (Plate 5.1a). The air temperatures inside the greenhouse during the experiment were 24.5 ± 0.9 °C and 13.3 ± 4. °C during the day and night respectively. The average day and night relative humidity inside the greenhouse were 55.6 ± 9.6 % and 80.8 ± 3.6 %, respectively. For the first season, half of the greenhouse (8 m by 30 m) was prepared and four raised beds established. These beds were covered with polythene to protect the greenhouse soil from the runoff from the substrate during watering (Plate 5.1b).
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Plate 5.1a: Greenhouse structure at Field 3 Research plot, Egerton University 
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Plate 5.2b: Inside Greenhouse structure with substrate 
5.2.2 Planting material and Media Preparation

Tomato (Solanum lycopersicum L.)  ‘Maxim F1’ was sourced from Meya Co. Ltd, Nakuru, Kenya. ‘Maxim F1’ is ideal for both greenhouse and field production with indeterminate growth characteristic. This variety is a fresh market type with oval shaped, red to deep red fruits, and harvest starts at 65- 70 days and may last for 5-7 months according the breeder. 
Forest soil (FS) was collected from an indigenous forest surrounding Egerton University Botanic Garden while bioslids (BS) samples were obtained from the seventh pond of the Egerton University Wastewater Treatment Plant. Substrates for potted tomato production were prepared by blending forest soil with biosolids at rates of 0%, 10%, 20%, 30% and 40% (v/v). These were comprehensively analyzed before being used as a substrate and their physico-chemical characteristics and nutrient composition were determined (Table 5.1). Biosolids- blended forest soil substrates were filled to ¾ level in black polythene sleeves size 14, measuring 0.20 m by 0.35 m by 0.35 m, gauge 150 mm and capacity of 10 L. 

Table 5.1: Physico-chemical characteristics and nutrient composition of biosolids-blended forest soil substrates used for potted greenhouse tomato production 
	Characteristic/substrate
	FS
	BS 10%
	BS 20%
	BS 30%
	BS 40%

	Bulk density (g cm-3)
	1.7
	1.6
	1.5
	1.3
	1.3

	Moisture content (%)
	25.8
	34
	40.8
	42.8
	44.5

	EC (mdS m-1)
	2.6
	3.2
	3.6
	4.4
	5.1

	pH
	7.4
	6.2
	6.6
	6.5
	6.4

	Organic matter (g kg-1)
	157.7
	197.8
	196.7
	210
	209.8

	C:N
	21.3
	19.7
	15.4
	9.6
	12.7

	Total Carbon (mg g-1)
	91.7
	115.0
	114.4
	122.1
	122.0

	Total N (g kg-1) (0.1)y
	4.3
	5.9
	7.4
	12.9
	9.6

	Total P (mg k g-1) (70)y
	69.1
	83
	90.3
	101
	95.9

	K (mg kg-1) (700)y
	132.5
	412.3
	419.9
	427.8
	422.4

	Ca (mg kg-1) (1000)y
	21.9
	24
	22.8
	29.5
	27

	Mg (mg kg-1) (700)y
	131.1
	126.1
	117.7
	119.1
	113.8

	Na (mg kg-1)
	62.9
	254.8
	342.1
	252.8
	348.3

	Mn (mg kg-1) (20)y
	69.6
	530.4
	524.8
	539.4
	553.9

	Fe (mg kg-1)
	27
	2490
	2473.9
	2479.1
	2471.5

	Zn (mg kg-1)
	4.7
	47.4
	44
	44
	45.9

	Cu (mg kg-1) (100)z
	4.4
	12.2
	12.7
	10.3
	12.7

	Cd (mg kg-1) (1)z
	0.0023
	0.0128
	0.0115
	0.0117
	0.0122

	Pb (mg kg-1) (150)z
	109.6
	2.8
	2.1
	5.1
	3.1


yRecommended levels of nutrients in soil for tomato production according to Sainju et al. (2003). zMaximum Ceiling values of heavy metals for agricultural land application according to NSW EPA (2000). Key: FS (Forest soil), BS (Boisolids), TC (Tea compost) and CP (Coco peat

5.2.3. Experimental design, treatments and layout 

The experimental design was a split plot embedded in randomized complete block design, replicated four times. The main plot factor was NPK fertilizer (17:17:17) at levels of 0, 100 and 200 kg ha-1 while forest soil (FS) blended with biosolids (BS) at rates of 0%, 10%, 20%, 30% and 40% (v/v) was the subplot factor. The experiment had four blocks each with 15 treatment combinations (Table 5.2). A 0.7 m path (Figure 5.1) separated the blocks. Each experimental unit had 10 potted tomato plants in two rows spaced at 0.60 m inter-row by 0.40 m, intra spacing, and making total population of 600 plants.

Table 5.2: Treatment combinations 

	Treatment combination
	Description

	F0B0
	Forest Soil only = B0 (Control)

	F0B1.
	10% Biosolids = B1

	F0B2.
	20% Biosolids = B2

	F0B3.
	30% Biosolids = B3

	F0B4
	40% biosolids = B4

	F100B0
	100 kg/ha NPK+ B0

	F100B1
	100 kg/ha NPK+B1

	F100B2
	100 kg/ha NPK+B2

	F100B3
	100 kg/ha NPK+B3

	F100B4
	100 kg/ha NPK+B4

	F200B0
	200kg/ha NPK+B0

	F200B1
	200 kg/ha NPK+B1

	F200B2
	200 kg/ha NPK+B2

	F200B3
	200 kg/ha NPK+B3

	F200B4.
	200 kg/ha NPK+B4



[image: image32]
Figure 5.1: Layout for experiment 
 Key: NPK F0 (0 kg ha-1), F100 (100 kg ha-1) F200 (200 kg ha-1); Biosolids (BS) B0 (FS) (0%), B1 (BS10%), B2 (BS 20%), B3 (BS 30%) and B4 (BS 40%).

5.2.4 Crop Establishment and Maintenance

a) Transplant production
Tomato seedlings were raised on sunken nursery bed within the same greenhouse where they were transplanted for growth and development (Plate 5.2). Four weeks old tomato transplants were planted in black polythene sleeves size 0.20 m by 0.35 m by 0.35 m filled with biosolids-blended forest soil and arranged in the greenhouse at a spacing of 0.4 m by 0.4 m inter and intra row respectively. Three weeks after transplanting NPK fertilizer (17:17:17) was introduced to the crop as top dressing at rate of 100 kg ha-1 (5 g per pot) but in two splits for the rate of 200 kg ha-1 (10 g per pot) treatment (Plate 5.3 and 5.4) respectively. The second application of NPK (17:17:17) was done at 35 days after transplanting (DAT). At this stage tomato plants were supported using nylon twines tied at the base lightly and gently twined around the plant up to the wire 2 m above the pot. Watering was done daily using same volume (1 L/pot) per day; the amount, which was adjusted, to 2 L, depending on plant water requirement during the growing period, according to plant growth phases. Other cultural practices including, weeding, and pest and disease control were done as recommended for tomatoes. 
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Plate 5.3: Transplant establishment in nursery bed
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Plate 5.41: First split of NPK (17:17:17) on tomato established on the substrate
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Plate 5.5: Second split of NPK (17:17:17) on tomato established on the substrate
5.2.5 Data collection

a) Growth and yield

Determination of the effect of the treatments on the growth, yield components and yield of tomato consisted of assessment of plant height, number of leaves, collar diameter, and root volume, roots, shoot and root dry weight. Four plants in each experimental unit were selected for weekly determination of plant height, collar diameter number of leaves, days to first flowering, number flower trusses and number of flowers. The number and weight of the fruits were evaluated at every piece meal harvesting and continue to the end of the experiment.

i) Number of leaves
Leaf count data were collected from four tagged plants in the middle of each plot. Leaf count data collection commenced from 21 DAT and continued weekly up to 56 DAT. At each instance of data collection, the mean number of leaves per plant ws computed. 

ii) Plant height
Plant height data were collected from four tagged plants in the middle of each plot, using tape measure, 30 m long. This started at 21 DAT and continued weekly up to 56 DAT. At each instance of data collection, the mean height per plant from was computed. 

iii) Collar diameter
This was taken at 5 cm above the substrate level of 4 plants from each experimental unit using digital Vernier callipers, 0.05 mm, Mitutoyo, Japan. This started at 21 DAT and continued weekly up to 56 DAT. At each data collection, the mean height per plant was computed
iv) Chlorophyll Content
Chlorophyll content in chlorophyll concentration index units (CCls) was taken from the four tagged plants of each experimental unit. The data was collected at 2 weeks’ interval beginning 28 to 56 DAT. The model of the Chlorophyll content meter used was CCM-200, plus; Opti-Sciences, Tyngsboro, MA). Chlorophyll content was measured on three leaflets of the third leaf from the top of each tomato plant and means were computed.
v) Fruit yield and yield copmpnents
The number of flower trusses in each plant was determined in each of four tagged plants in every experimental unit at intervals of one week starting 28 to 49 DAT and the means were computed. For marketable and non-marketable yield, weekly piecemeal harvesting of tomato fruits at pink stage from the four tagged plants in each experimental unit. The fruits were harvested, counted to and their respective weights in kilograms were recorded.  
vi) Shoot and root dry weights
From the four plants used above, root and shoot dry weight was determined. Shoots were separated from the roots at the ground level and dried separately in khaki paper bags in an oven at 70oC to constant weights. Both parts were weighed separately and means computed. 
5.2.6 Data analysis

Data analysis was done using statistical package version 9.1 (SAS Institute, Cary Inc., 2001). Shapiro-wilk test was used to check for normality of the data before analysis. Numerical data were subjected to analysis of variance (ANOVA) at p ≤ 0.05 and means for significant treatments separated using Tukey’s Honestly Significant Difference (THSD) test at p ≤ 0.05. The statistical model fitted for the experiment: 

Yijk = μ + βi + mj + sij + πk + mπjk + €ijk; i = 1, 2, 3, 4; j = 1, 2, 3; k = 1, 2, 3, 4, 5; 

Where; Yijkl –tomato response, μ – Overall mean, βi – effect of the ith block, mj – effect of the jth rate of NPK, sij – main plot error (a), πk – effect of the kth rate of Biosolid, mπjk – interaction effect of the jth and kth levels of NPK and Biosolids, respectively, €ijk – sub plot error (b).
5.0
5.3 Results

5.3.1. Plant height and leaf numbers
Plant height was significantly (P < 0.05) influenced by the rates of biosolids (BS) the substrate (Table 5.4). At 21, 35 and 49 days after transplanting (DAT), the interactive effect of BS 10% and NPK fertilizer at 100kg ha-1 registered significantly taller plants throughout the growth period in both trial 1 and 2, compared to forest soil (FS) and the other substrate rates.  There were other BS substrate rates, especially BS 30% without fertilizer added, which indicated significantly taller plant but not consistent in the growing period. On leaf numbers, similar trend as in height was observed on the interactive effect of BS andf fertilizer at the same rate of BS 10% with and NPK fertilizer at 100kg ha-1, compared to the FS. On the substrate without fertilizer BS 30% was not significantly different from the interactive effect of BS and NPK with higher leaf number similar, which was not significantly (P < 0.05) different from BS  10% combined with NPK fertilizer at 100 kg ha-1 (Table 5.5). As was observed in height, leaf numbers in these two substrates were consistently higher than the control during the whole growing period for both seasons. In the other substrates there were significantly higher nimber of leaves but not consistent for both trials of production. Therefore, the result showed BS 30% and the interactive effect of BS and NPK fertilizer (BS 10% combined with NPK fertilizer at 100 kg ha-1) as the best substrate with significantly taller plants higher leaf numbers. In both plant height and leaf numbers, 100 kg -1 and 200 kg ha-1 NPK with FS remained as a positive control substrate.
Table 5.3: Effect of NPK and biosolid rates on tomato plant height (cm) during production in trial one and two

	
	
	     21 DAT
	   35 DAT
	   49 DAT

	NPK
	Biosolids (BS)
	T1 
	T2 
	T1 
	T2 
	T1 
	T2 

	NPK0


	B0 (FS)
	27.0±3.2c* 
	52.1±4.0c
	49.5±3.2b 
	63.4±3.7cd
	82.8±3.3cd
	  89.5±1.6c

	
	B1
	34.9±2.1a
	55.8±1.8b
	57.0±7.8a
	74.2±3.1ab
	92.7±3.8b
	  96.3±6.2b

	
	B2
	34.9±3.7a
	55.3±2.0b
	57.7±4.2a
	72.8±4.7ab
	89.9±4.7b
	103.0±3.4ab

	
	B3
	37.0±3.1a
	57.9±2.3a
	58.7±2.9a
	75.9±4.9a
	95.3±4.2ab
	105.1±4.7a

	
	B4
	29.3±3.9b
	49.5±2.6d
	54.8±2.8a
	65.7±2.6c
	80.8±6.5cd
	  95.3±7.7b

	NPK100


	B0
	38.1±1.2a
	58.8±2.4a
	60.7±2.2a
	75.9±3.4a
	91.1±2.2b
	100.2±8.3ab

	
	B1
	39.4±1.9a
	62.1±1.8a
	63.2±2.1a
	80.5±1.7a
	99.4±4.7a
	108.3±5.4a

	
	B2
	33.2±4.1a
	54.1±3.3b
	55.7±4.1a
	68.7±3.5bc
	85.0±6.3c
	  99.0±5.4ab

	
	B3
	32.8±6.3a
	49.8±1.1d
	55.4±2.3a
	63.9±2.9cd
	79.0±4.8d
	  92.9±6.0bc

	
	B4
	22.2±2.0e
	50.0±1.9d
	44.7±2.0b
	58.3±2.6d
	68.8±5.0e
	  82.7±8.6d

	NPK200


	B0
	33.6±4.8a
	54.7±5.6b
	56.1±4.8a
	70.5±8.1b
	87.3±7.4bc
	  98.8±5.9ab

	
	B1
	32.9±2.3a
	51.1±1.3c
	55.4±2.3a
	67.8±1.4bc
	87.2±2.1bc
	  96.2±2.3b

	
	B2
	28.4±4.4c
	50.6±1.7d
	50.9±4.4b
	65.2±3.6c
	81.4±7.4cd
	  93.5±4.1bc

	
	B3
	25.8±1.4d
	48.7±3.6e
	49.3±1.8b
	62.0±2.1d
	76.2±3.4de
	  91.0±3.8c

	
	B4
	23.9±1.0e
	48.8±1.8e
	46.4±0.9b
	57.2±3.4d
	72.0±3.5e
	  87.3±3.2cd


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%. T1= trial 1and T2=trial 2. DAT= Days after Transplanting.

Table 5.4. Effect of NPK and biosolid rates on tomato leaf number (no. /plant) during production in trial one and two

	
	
	21 DAT
	35 DAT
	49 DAT

	NPK
	Biosolid
	T1 
	T2 
	T1 
	T2 
	T1 
	T2 

	NPK0


	B0
	  9.5±1.1b*
	10.9±1.1b 
	12.3±0.7b
	14.1±1.1bc
	15.3±0.7c
	18.7±0.9c

	
	B1
	10.1±1.1a
	11.8±1.2ab
	13.9±0.7ab
	15.4±0.7b
	17.4±0.3b
	20.5±1.1b

	
	B2
	10.5±1.0a
	11.4±1.2b
	13.5±1.0ab
	16.1±0.3ab
	18.4±1.0ab
	21.5±0.9ab

	
	B3
	10.5±1.0a
	11.3±0.8b
	13.6±0.7ab
	16.6±1.1ab
	18.7±1.0ab
	21.5±0.7ab

	
	B4
	  9.2±0.4b
	11.0±1.2b
	12.8±1.0b
	15.2±1.6b
	17.6±0.4b
	21.8±0.7ab

	NPK100


	B0
	10.2±0.3a
	12.7±1.0a
	14.4±0.5a
	17.6±1.6a
	18.6±0.9ab
	21.3±1.2ab

	
	B1
	10.9±0.4a
	12.0±1.0ab 
	15.0±1.0a
	18.1±0.3a
	19.1±0.3a
	22.8±0.8a

	
	B2
	  9.8±0.8b
	11.4±1.1b
	13.1±0.5ab
	15.6±1.6b
	17.7±0.2b
	21.3±0.7ab

	
	B3
	  8.9±0.2bc
	10.1±1.6bc
	12.6±1.4b
	14.9±1.7bc
	17.3±0.5b
	21.3±0.6ab

	
	B4
	  8.0±1.4c
	  9.6±0.5c
	11.8±1.3b
	13.8±1.3c
	16.3±1.0bc
	20.5±0.7b

	NPK200


	B0
	  9.7±0.8b
	11.2±1.0b
	13.8±1.5ab
	15.8±0.4b
	17.3±0.3b
	21.8±0.7ab

	
	B1
	  9.8±0.4b
	11.7±1.3ab
	13.8±0.6ab
	15.4±0.9b
	17.9±0.7b
	21.3±0.4ab

	
	B2
	  9.3±1.0b
	10.7±0.9b
	12.7±1.0b
	15.5±0.6b
	17.0±1.5b
	21.0±0.8ab

	
	B3
	  8.8±0.9bc
	10.4±1.0bc
	12.5±0.6b
	14.9±0.4bc
	17.2±1.2b
	21.3±0.6ab

	
	B4
	  8.6±0.9bc
	10.1±1.1bc
	11.7±0.5b
	14.1±0.9bc
	16.8±1.0bc
	20.8±0.5b


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. 

5.3.2. Stem diameter
The stem diameter was significantly (P < 0.05) influenced by both BS rates and their interactive effects with NPK fertilizer (Table 5.6). The interactive effects between BS and fertilizer revealed that tomatoes grown in BS 10% and 100 kg ha-1 NPK as the best for stem thickenss. Just as observed in height and leaf numbers, BS rate 30% was also registered significantly thicher diameter as observed in the interactive effect of BS and NPK at the rates mention above, however the stem thichness was not consistent throughout the growing seasons. Addition of NPK fertilizer on BS above 10% had a negative interaction evidenced in smaller stem diameter. 
Table 5.5.  Effect of NPK and biosolid rates on tomato stem diameter (mm) during production in trial one and two

	
	
	21 DAT
	35 DAT
	49 DAT

	NPK
	Biosolid
	T1 
	T2 
	T1 
	T2 
	T1 
	T2 

	NPK0



	B0
	7.4±0.3ab*
	7.7±0.3b
	13.2±0.2bc
	13.1±0.4bc
	14.3±0.3bc
	14.6±0.3b

	
	B1
	7.9±0.3a
	8.0±0.3ab
	14.9±0.6ab
	14.1±0.7b
	15.3±0.8ab
	15.6±0.8ab

	
	B2
	7.6±0.3ab
	8.0±0.3ab
	13.9±0.8b
	13.2±0.7bc
	15.0±1.2ab
	15.8±1.0ab

	
	B3
	8.1±0.4a
	8.4±0.5ab
	14.3±1.0ab
	14.9±0.5b
	16.0±0.6a
	16.8±0.8a

	
	B4
	6.4±0.5b
	6.7±0.8c
	12.3±1.3c
	13.1±0.9bc
	14.8±1.4b
	14.6±0.4b

	NPK100



	B0
	7.9±0.3a
	8.4±0.5ab
	14.5±1.2ab
	14.7±1.3b
	16.0±1.2a
	16.8±0.7a

	
	B1
	8.5±0.3a
	9.2±0.4a
	15.2±1.1a
	16.2±0.3a
	16.5±0.6a
	17.3±0.4a

	
	B2
	6.9±0.4ab
	7.4±0.4b
	13.1±0.3bc
	13.7±0.8bc
	13.9±0.8c
	14.2±0.8b

	
	B3
	6.2±0.7b
	6.8±0.8c
	12.2±1.0c
	12.8±0.9c
	14.3±0.9b
	14.9±1.5b

	
	B4
	5.8±0.3c
	6.2±0.3c
	11.9±0.8c
	12.7±1.0c
	13.9±1.2c
	14.3±1.2b

	NPK200


	B0
	7.6±0.4ab
	7.9±0.2b
	14.5±0.9ab
	14.2±0.5b
	15.5±0.9ab
	15.6±0.3ab

	
	B1
	7.4±0.3ab
	7.7±0.2b
	14.1±0.7b
	14.3±0.7b
	15.2±1.2ab
	15.2±0.6b

	
	B2
	6.4±0.9b
	7.3±0.8bc
	12.4±0.7c
	13.5±1.2bc
	14.5±0.5b
	14.8±0.5b

	
	B3
	6.2±0.5b
	6.8±0.7c
	13.0±0.5bc
	13.0±0.5bc
	14.4±0.5b
	15.0±0.5b

	
	B4
	5.5±0.7c
	6.5±0.4c
	11.7±0.7c
	13.2±0.5bc
	14.5±0.3b
	14.8±0.3b


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%. S1= season 1and S2=season 2. DAT= Days after Transplanting.

5.3.3 Chlorophyll content
Leaf chlorophyll content of tomato leaves were significantly influenced by different substrate rates (Table 5.7). The interactive effect BS at 10% with NPK with 100 kg ha-1 NPK registered higher tomato chlorophyll content, which was consistent throughout the growth period. The BS rate of 30% however, did not significantly differ from the substrate (BS 10% and 100 kg ha-1 NPK) which demonstrated higher chlorophyll content. There was a progressive drop on leaf chlorophyll content with further increase in BS on Fertilizer rates. 
Table 5.6. Effect of NPK and biosolid rates on tomato leaf chlorophyll content (chlorophyll concentration index) during production in trial one and two

	
	
	21 DAT
	35 DAT
	49 DAT

	NPK
	Biosolid
	T1 
	T2 
	T1 
	T2 
	T1 
	T2 

	NPK0



	B0
	40.1±5.3c
	38.9±3.6d
	42.7±5.4c
	42.6±3.6c
	43.9±4.8c
	45.0±3.6d

	
	B1
	47.3±7.6b
	48.6±4.6c
	49.9±7.6ab
	52.3±4.6b
	51.0±7.6b
	54.6±4.6c

	
	B2
	45.9±6.3b
	53.9±7.6ab
	48.5±6.8ab
	57.6±7.7ab
	49.7±5.0b
	59.9±7.7bc

	
	B3
	53.6±7.8ab
	58.1±9.2a
	58.4±6.7a
	61.3±9.1ab
	60.8±8.0a
	65.1±6.2ab

	
	B4
	46.5±7.4b
	47.8±8.2c
	49.1±7.3ab
	51.5±8.2b
	50.3±7.4b
	53.9±8.2c

	NPK100



	B0
	51.6±5.6ab
	62.1±5.2a
	53.7±4.4ab
	65.8±5.2a
	58.9±7.1a
	69.6±7.0a

	
	B1
	57.4±4.9a
	66.1±2.9a
	60.0±4.9a
	69.8±2.9a
	61.1±4.9a
	72.1±2.9a

	
	B2
	52.1±5.7ab 
	51.3±3.4bc
	51.7±2.6ab
	55.0±3.4ab
	52.9±2.6b
	57.3±3.4bc

	
	B3
	49.1±2.6ab 
	47.8±3.0c
	54.7±5.9ab 
	51.5±3.0b
	49.2±4.0b
	53.8±3.0c

	
	B4
	45.4±4.0b
	44.1±3.8cd
	48.0±4.0ab
	47.8±3.8bc
	47.4±6.3bc
	50.2±3.8c

	NPK200



	B0
	43.6±6.3bc
	46.5±3.5c
	46.2±6.3b
	50.2±3.5b
	46.4±5.1bc
	52.5±3.4c

	
	B1
	45.7±3.3b 
	46.5±3.4c
	48.3±3.3ab 
	50.4±3.5b
	55.8±5.7ab 
	52.8±3.1c

	
	B2
	42.6±5.1bc
	43.0±4.1cd 
	45.2±5.1b
	50.2±2.9b
	49.5±3.3b
	52.5±3.4c

	
	B3
	43.3±4.6bc
	46.5±3.1c
	45.9±4.6b
	50.2±3.8b
	47.0±4.6bc
	52.5±3.1c

	
	B4
	40.0±4.4bc
	46.7±3.1c
	42.6±4.7c
	46.7±4.1bc 
	43.8±4.6c
	49.1±4.1c


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%. S1= season 1and S2=season 2. DAT= Days after Transplanting.

5.3.4 Flower trusses
Flower trusses was significantly (P < 0.05) influenced by the substrate rates. This was demonstrated on interactive effect of BS and Fertilizer at BS 10% and100 kg ha-1 NPK influence on flower trusses compared to FS. However, even BS 30% without fertilizer was not significantly (P < 0.05) different from the interactive effect of NPK fertilizer and the BS at 10% (Table 5.8). 
Table 5.7: Effect of NPK and biosolid rates on tomato flower trusses (no./plant) during production in trial one and two

	
	
	28 DAT
	42 DAT

	NPK
	Biosolid
	T1 
	T2 
	T1 
	T2 

	NPK0



	B0
	7.7±0.8ab*
	8.9±1.3b
	11.0±1.4b
	9.3±1.5c

	
	B1
	7.7±0.9ab
	9.3±1.3ab
	11.6±1.6ab
	10.1±1.2b

	
	B2
	7.7±0.7ab
	9.4±1.2ab
	11.6±1.5ab
	10.5±1.3b

	
	B3
	8.0±0.5a
	9.5±1.2ab
	12.3±1.7a
	10.9±1.5ab

	
	B4
	7.5±0.8b
	9.0±1.4ab
	11.3±1.4ab
	10.0±1.6b

	NPK100



	B0
	8.2±1.3a
	9.3±1.3ab
	10.9±1.3ab
	10.5±1.1b

	
	B1
	8.3±0.8a
	9.7±1.1a
	12.5±1.6a
	12.4±1.7a

	
	B2
	7.7±0.9ab
	9.2±1.2ab
	10.9±1.2ab
	10.5±1.3b

	
	B3
	7.4±0.8b
	8.9±1.1b
	  9.5±1.2b
	10.2±1.3b

	
	B4
	7.2±0.8c
	8.8±1.2b
	  9.5±1.2b
	  9.8±1.4bc

	NPK200



	B0
	7.5±0.7b
	9.0±1.2b
	10.0±1.5ab
	10.4±1.3b

	
	B1
	7.5±0.6b
	9.0±1.3b
	  9.9±1.1ab
	10.4±1.2b

	
	B2
	7.4±0.8b
	9.0±1.2b
	  9.5±1.1b
	10.2±1.2b

	
	B3
	7.3±0.8bc
	9.0±1.3b
	  9.5±1.2b
	10.2±1.3b

	
	B4
	7.2±0.7c
	9.0±1.2b
	  9.7±1.2b
	10.1±1.1b


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. 
5.3.5 The number of flowers 

The interactive effect between BS 10% and NPK 100 kg ha-1 showed significantly higher flowers numbers in comparison to FS ranging, between 11 and 17 per plant and showed consistency thought the period of growth for the both trials (Table 5.9). At BS 30% there were some significances in flower number without consistency throughout the growing period for the two trials. 
Table 5.8: Effect of NPK and biosolid rates on tomato flower number (no. /plant) during production in trial one and two

	
	
	28 DAT
	42 DAT

	NPK
	Biosolid
	T1 
	T2 
	T1 
	T2 

	NPK0



	B0
	18.2±2.4c*
	18.0±2.3c
	22.2±2.5c
	22.0±2.7d

	
	B1
	18.4±2.1c
	19.0±2.7b
	24.0±2.3ab
	24.4±2.6c

	
	B2
	18.6±2.2c
	19.3±2.9b
	24.0±2.3ab
	26.0±2.0b

	
	B3
	19.3±2.1b
	19.7±2.9ab
	24.5±2.3ab
	25.8±2.8b

	
	B4
	17.3±2.7d
	18.7±2.7b
	23.6±2.1bc
	24.6±2.0c

	NPK100



	B0
	19.3±2.1b
	19.6±2.8ab
	24.3±2.2ab
	25.9±2.8b

	
	B1
	21.2±2.7a
	20.7±2.3a
	25.5±2.4a
	27.4±2.7a

	
	B2
	18.1±2.4c
	19.0±2.2b
	23.7±2.6b
	25.5±2.2b

	
	B3
	17.6±2.0d
	19.0±2.3b
	22.8±2.6bc
	24.6±2.1c

	
	B4
	17.7±2.8d
	19.2±2.6b
	22.5±2.4b
	24.5±2.2c

	NPK200



	B0
	18.1±2.1c
	19.2±2.5b
	24.2±2.5ab
	25.2±2.3bc

	
	B1
	17.6±2.0d
	19.0±2.8b
	24.3±2.1ab
	25.5±2.7b

	
	B2
	17.4±2.5d
	18.9±2.3b
	22.6±2.6bc
	25.0±2.7bc

	
	B3
	17.3±2.8d
	18.6±2.6bc
	22.7±2.6bc
	14.9±2.8bc

	
	B4
	16.1±2.6e
	18.5±2.2bc
	23.2±2.0bc
	14.4±2.3c


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. 

5.3.6 Fruit number
The number of fruits was significantly (P < 0.05) affected by the rates of biosolids substrate (Table 5.10). As for the fruit numbers per plant, interactive effects between BS and NPK fertilizer revealed BS 10% and 100 kg ha-1 NPK as the substrate with highest compared to control and this was consistent throughout the growing period. The interactive effect of NPK fertilizer at100 kg ha-1 and BS rates above 10% did not significantly (P < 0.05) increase fruit number per plant. The same was observed even when the NPK fertilizer rate was doubled to 200 kg ha-1. 
Table 5.9: Effect of NPK and biosolid rates on tomato fruit number (no. /plant) during production in trial one and two

	
	
	28 DAT
	42 DAT

	NPK
	Biosolid
	S1 
	S2 
	S1 
	S2 

	NPK0



	B0
	  7.2±0.8d*
	10.5±0.8d
	17.5±0.6d
	18.0±0.4d

	
	B1
	  8.5±0.8bc
	12.8±0.3c
	19.5±1.7bc
	20.7±0.9bc

	
	B2
	  8.4±1.2bc
	13.7±0.9bc
	20.7±1.9b
	21.7±1.2b

	
	B3
	  9.5±1.3ab
	14.3±0.6b
	21.7±2.0ab
	24.2±2.2ab

	
	B4
	  7.4±1.1c
	11.0±1.8cd
	20.1±1.6b
	20.3±0.9bc

	NPK100



	B0
	  9.1±0.8ab
	14.7±1.4b
	20.6±2.1b
	23.6±1.4ab

	
	B1
	10.3±0.8a
	16.1±2.0a
	22.7±1.5a
	25.9±2.2a

	
	B2
	  8.2±1.1bc
	12.5±1.4c
	19.8±2.0bc
	21.9±1.4b

	
	B3
	  7.4±0.8c
	10.9±1.2d
	18.3±1.1c
	21.4±1.4b

	
	B4
	  7.0±0.6d
	11.3±0.6cd
	17.8±1.3c
	20.2±1.8bc

	NPK200



	B0
	  7.6±0.9c
	10.9±1.2d
	19.7±2.6bc
	19.8±2.5c

	
	B1
	  7.6±0.6c
	11.6±0.8cd
	19.3±1.8bc
	21.1±2.0b

	
	B2
	  7.7±1.0c
	11.3±1.6cd
	18.8±1.7c
	20.3±2.7bc

	
	B3
	  7.8±1.0c
	12.1±1.2cd
	18.0±0.8c
	19.7±1.3c

	
	B4
	  6.7±0.5d
	12.8±1.5d
	17.1±1.2d
	19.3±1.3c


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. 

5.3.7 Root volume
The root volume of tomatoes was significantly influenced by substrate rates. This was evident on the interactive effect between BS 10% and 100kg ha-1 NPK, which had roots with significantly higher root volume in both season 1 and 2 (Fig. 5.2). Further increase in BS rates beyond 10% in combination of any rate of NPK cause decline in root volume in both seasons.
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Figure 5.2. Effect of NPK and biosolid on root volume of tomato plant in seasons (trial) one and two. Means ± standard deviation followed by the same letter within a season (trial) are not significantly different according to Tukey’s test at p ≤ 0.05. Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%.
5.3.8 Root dry weight
 Root weight was significantly (P < 0.05) responsive to interactive effect of BS 10% rates and 100kg ha-1 NPK fertilizer (Fig.5.3). Root weigh was generally influenced by BS rates. Most rates were not significantly different from each other, nevertheless, the interactive effect of BS and NPK, at BS 10% in combination with 100 kg ha-1 NPK had the highest root weight. Root weight decreased progressively towards the highest rates of both BS and NPK combination. 
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Figure 5.3. Effect of NPK and biosolid on root fresh weight of tomato plant in season (trial) one and two. Means ± standard deviation followed by the same letter within a season (trial) are not significantly different according to Tukey’s test at p ≤ 0.05. Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%.

5.3.9 Marketable and non-marketable fruit yield
Application of BS significantly influenced tomato marketable and non-marketable fruit yield per plant (Figure 5.4). The interactive effects of BS and NPK registered significantly (P < 0.05) higher fruit weight per plant than the rest of the substrates. In both seasons BS 10% combined with NPK at 100 kg ha-1 produced higher weight of fruits per plant. However, on non-marketable yield of tomato fruits, the lowest number was observed with BS at 10% and NPK fertilizer at100 kg ha-1.  Most of the poor qualities in fruits were; fruit blossom end rot, blotch ripening, puffiness, gold flake, cat face, sunscald and very small size stony, which rendered them non-marketable. Interactive effect also revealed BS 10% and NPK 100 kg ha-1 as the best substrate with least incidence of puffiness observed. However, any rate of BS beyond 10% in combination with NPK, especially BS 40% showed higher incidence of puffiness.  Most affected were plant from BS 40% and more so in BS 30 and 40% combined with any rate of NPK fertilizer. Some of the affected fruits were naturally small, stony and failed to ripen. 
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Figure 5.4: Effect of NPK and biosolid on tomato marketable and non-marketable fruit yield (kg/plant) in seasons one and two. Means ± standard deviation followed by the same letter within a season (trial) is not significantly different according to Tukey’s test at p ≤ 0.05. Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%.

 5.4 Discussion 

The results from the present study have demonstrated that both BS at 30% without fertilizer and the interactive effect of BS at 10% and NPK fertilizer at 100 kg ha-1 improved vegetative growth perhaps because they provide macro and micro nutrient pools necessary for sustaining greenhouse production. This concurs with the report by Sharma et al. (2017) who indicate that the mineral composition in biosolids has the potential to support agricultural production. 
5.4.1 Plant height, leaf numbers and stem diameter
Tomato plant height and leaf numbers were higher on specific substrate rates as demonstrated in various substrate. The interactive effect of BS with NPK fertilizer showed BS 10% and NPK 100 kg ha-1 to be significantly higher in vegetative performance of tomato plant. There was a positive interaction between organic matter in a substrate and the availability of nutrient supplied by fertilizer. Substrates with higher organic matter have potential of retaining nutrient within the rhizosphere as reported by Tisdall and Oades (1982). These biosolids had potential in improving the mineral nutritional content of media. This is line with observation made by Singh and Agrawal (2007) and Sharma et al. (2017). In the current results, significant response of tomato growth to BS at 30% in plant height and leaf numbers observed may have been due to N availability. Nitrogen is the limiting nutrient in many soils or substrates and this was evident in the substrate analysis (Table 5.1 and 5.2). Nitrogen is necessary for photosynthesis, chlorophyll and nucleic acid formation (Oyinlola & Jinadu 2012) and its deficiency was observed to cause stunted growth (Tisdale et al., 2003). Reduced vegetative growth was also observed in forest soil (FS) which had no addition of the biosolids (BS) amendment, and this implies the latter was the source of N that supported vegetative growth of tomato.  Results from the present study agree with those of other authors (Mtshali et al., 2014; Qin et al., 2012) who have reported biosolids as nutrient-rich organic materials with higher organic matter content of up to 50%. Biosolids can be used as a soil conditioner to improve physical, chemical, and biological properties of soils (Pascual et al., 2018), and as such have the capacity to retain plant nutrient and enhance nutrient use efficiency by plants. Besides acting as a food source for microorganisms, organic materials in biosolids are the major binding agents for aggregate formation and stabilization (Tisdall & Oades, 1982), capable of availing nutrients. Stoﬀella et al. (2003) also reported that soil structure and many other important soil physical and chemical properties such as bulk density, porosity, water and cation exchange capacity, aeration, drainage, microbial communities and soil fauna could be improved due to the presence of organic matter, thus contributing to nutrient availability and reduced leaching of plant nutrients. 

In this study, the interactive effect between BS and NPK fertilizer at 10% BS with NPK 100 kg ha-1, produced the tallest tomato plants, which were not significantly (P < 0.05) different from those produced from BS rate of 30%. This indicates that with BS at 10% in combination with NPK 100 kg ha-1 there were more plant nutrients readily available in the substrate for the better performance the crop at the time of need. The same concurs with observation made by Olaniyi et al. (2010), that growth and yield of tomato is enhanced by the quality of nutrition supplied to plant. In conformity with the current results, a similar study by Ilupeju et al. (2015) compared the impact of organic fertilization to inorganic fertilizer and also observed a better performance with organic fertilizers on growth of tomato. Therefore, the current results may indicate that, the rate of substrates used in the amendment was linked to nutrient element levels in the substrate as indicated in chapter 3. However, in the present study, it was further observed that increase of BS rates above 30% without influence of NPK fertilizer, did not increase vegetative growth in leaf number. Similarly, addition of BS rate beyond 10% with NPK 100 kg ha-1 reduced vegetative growth in tomato plants.  This was probably due to higher EC (5.1 mS m-1) in the substrate as compare to 1.2 mS m-1 recommended by Nair et al. (2011). This is in line with the fact that if excess salts are present in the soil or substrate the soil becomes saline and plant growth may be restricted (Taiz & Zeiger, 2002). The control (forest soil), in the present study registered shorter height, fewer number of leaves and smaller stem diameters and lower chlorophyll content in the leaves. This may also have been attributed to higher bulk density (1.7 g cm-3) which was higher compared to ideal a range of 1.2 g cm-3 to 1.5 g cm-3 recommended by Pascual et al. (2018). This range is ideal for root development, consequently roots have better nutrient use efficiency. Generally, root development and growth affect vegetative growth since it is the point of entry for plant nutrients. Root development is favoured in slightly acidic soils, at pH values between 5.5 and 6.5 (Taiz & Zeiger 2002). While as indicated in the current study, forest soil had a pH of 7.4 above the acidic range and this probably may have stunted root development as was observed in control (FS). The addition of NPK fertilizer above BS 10% registered lower performance on tomato growth and development. Therefore, the current study demonstrates that BS 10% with 100 kg ha-1 NPK was the optimum rate in the present study and conditions and key in availing N and P to the substrate. Since BS substrate exist in organic form, combination of 100 kg ha-1 NPK availed N and P as biodegradation in BS progressed with time. Similarly, Na concentrations (342, 352, and 348 mg kg-1) were equally higher in the substrates and this interrupted the intake of other essential elements by antagonism. 

The use of NPK in the BS rates above 10% induced a negative interaction with reduced vegetative growth as demonstrated in this study. In regards to this scenario, there was probably an influx of excess salts, leading to salt stress in the nutrient pool when NPK fertilizer was doubled.  Nitrogen is one of the most limiting elements for crop production, when plants are subjected to salt stress (Fageria et al., 2011). In regards to the current study, excess salt concentrations in the substrate induced osmotic and ionic stress resulting in occurrence of obvious growth changes including reduced growth observed. Hence, negative response of tomato vegetative growth as evident on rates from BS at 20%, 30% and 40%. Tomato like any other plant when continuously confronted by variety of environmental stresses may result in significant growth retardation and yield reduction as observed by Ahanger et al. (2019). Among stresses, salinity is considered one of the damaging abiotic factors affecting metabolism and productivity of crop plants (Ahmad et al., 2019). Fatma et al. (2016), had similar observation that salinity affects mineral uptake and assimilation, enzyme activity, photosynthesis, protein expression and hormone metabolism. Salt accumulation in soils has been known to impair plant function. In particular, higher concentrations of Na+, and high concentrations of total salts are two concepts that are often related, but Na Cl contribute substantially to salinity (Hasegawa et al., 2000; Lauchli, 1999). In line with current result, other studies have shown that salinity affects most sensitive plant particularly tomato, in growth and different metabolic processes, such as CO2 assimilation, protein synthesis, respiration and often promotes the synthesis of compatible solutes as observed by Munns (2002) and Chen et al. (2007). In regards to the present study, this explains the reduction of leaf number in the current study, with BS at 40% and the BS substrate at 20% and above. Studies have shown that crops which suffer from salinity show a K+/Na+ imbalance of ions in the plant tissue, and are often accompanied with a large excess of Na" (Mengel et al., 2001. In line with this work, various studies have shown that pepper, corn, potato and tomato are sensitive to salinity, resulting in reduction in crop productivity (Covașă et al., 2015; Giannakoula et al., 2013) This is simply because salinity stress involves changes in various physiological and metabolic processes, depending on severity and duration of the stress and plant species. 
5.4.2 Leaf chlorophyll content
Results from this study showed higher chlorophyll content from plants grown in BS 10% combined with fertilizer 100kg ha-1 NPK, which was not significantly different from BS 30%. In crop vegetative growth stage, N is a key component of enzymes, vitamins, chlorophyll and other cell constituents, which are essential for crop growth and development. Nitrogen is found in both inorganic and organic forms, combines with C, H, O, and sometimes S, to form amino acids, enzymes, nucleic acids, chlorophyll, alkaloids, and purine bases (Mengel et al., 2001). Organic form of N predominates as high-molecular-weight proteins in plants, while, inorganic form can accumulate in the plant, primarily in stems and conductive tissue as nitrate (NO3-). All these physiological factors may contribute to the observation made in the chlorophyll content in the present study as exhibited in BS 30% and its interactive effect demonstrated by the rate BS 10% combined with 100kg ha-1 NPK fertilizer. Among other microelements demonstrated to be available in this study, higher concentration of Fe was observed (chapter 3). Iron is a major element for chlorophyll production. Its present in the pH range of 6.2 to 6.6 was (2470 to 2490 mg kg-1) and this contributed to the chlorophyll content observed, which subsequently responded to higher yield in the present work. Additionally, magnesium plays a key role in chlorophyll structure and in this study, forest soil acted as a donor of this element in the substrate as exemplified by its abundance in the substrate rates (chapter 3). Studies have shown that Mg is normally available within a pH range of 6.0 to 8.5. As the rate of BS increased from 40% and above, the pH of the substrate declined and this probably, caused significant reduction of Mg and Ca. Depending on the process of producing BS, the pH may be acidic to alkaline (Sullivan et al., 2015), and therefore, it would affect not only the Mg content in the substrate but also in the plant leaf chlorophyll structure. 
5.4.3 Root development
Ability of a plant to absorb water and mineral nutrients from the substrate is related to their capacity to develop an extensive root system. Root growth is linked to the physico- chemical properties and nutrient availability in a substrate. In the present study, rate of BS 30% substrate applied for tomato production significantly affected root growth and morphology (Figure 5.2). On the other hand, the present study demonstrated a significant reduction of P in the substrate of forest soil alone and BS 10%. This necessitated supply of external source of P through 100 kg of NPK ha-1. In consistence with the present work, a study by Vitousek and Sanford (1986) earlier reported that high affinity of soil Fe and Al minerals for P is a primary mechanism responsible for P limitation in humid tropical forests soils. Hence, the affinity of iron oxides and hydroxides for phosphorus may have contributed to phosphorus limitation in the substrate of FS. In conformity to the present study, Chacon et al. (2006) suggested that Fe (III) reduction is a potential source of available P under short-term anoxic conditions in humid topical forest soils, of which one way would be liming. Another scenario may be that at BS rate of 10%, the effect of excess Fe (Forest soils) could have possibly locked up P to form Iron complex. This is in consistence with Kooijman et al. (2020), who reported that Iron-rich soils are P-limited, due to proposed stable P binding at Fe compounds.  This is in consistence with earlier observation by Mathan and Amberger (1977) who also reported that increased iron supply to the plants led to decreased in P content. Iron, is thus, internally inactivated by phosphorus. When availability of P is increased iron gets accumulated in the roots and its translocation to the shoots is reduced, which was observed in root development when fertilizer was added. 

Normally, the process of root development depends on the physic-chemical characteristics of the substrate. These factors seem to have high impact on the tomato root growth and morphology leading to better nutrient use efficiency and consequently higher yield as demonstrated in this work. Supply of O2 is essential to root growth and metabolism. Generally, as roots grow through the soil, they follow soil pores and this is a contribution of the level of organic matter as evident in BS 30%. On the other hand, root proliferation depends much on plant nutrient distribution in the soil or substrate as demonstrated in the interactive effect of the substrate exhibited by BS 10% with NPK 100 kg ha-1. 
5.4.4 Fruit yield components
The results of the present investigation revealed the significant effects of biosolids substrates on fruit yield components (flower trusses and flowers) and these attributes of tomato development. The interaction effect of BS 10% and NPK 100 kg ha-1 NPK registered higher yield trusses and flowers. This is attributed to substrate capacity to supply the necessary nutrient for the plant. Earlier, the results from substrate analysis (Chapter 3) demonstrated that BS and FS had considerable quantities of Cu, Mn, Zn, B and Mo at different rates. Boron and molybdenum were two times higher in forest soil than BS, therefore it was expected that higher yield in tomato be in lower rates of BS mixes with forest soil. This fact explains why it was necessary to use lower rate of BS combined with NPK. Nutrition is a critical factor in tomato at vegetative phase, which may affect yield. Zuba et al. (2011) also reported this phenomenon earlier, in the lower tomato yield on the treatments, which did not, receive mineral nitrogen. However, the current experiment does not show the crop yield difference in substrates BS at10% combined with 100 kg ha-1 NPK and BS 10% without fertilizer. This would be probably because, in the most demanding stage of the tomato crop, mineral sources used provided the nutrients, especially N, P and K in the required amounts. Addition of NPK to substrate at 10% contributed to the pool of nutrient in the substrate. In particular, nitrogen is mostly required by plants to achieve high rates of growth and yield of tomato.  Similarly, nitrogen promotes physical and physiological changes in the plant and this nutrient is related to photosynthesis. The element P is for root development, flower initiation, and seed and fruit development (Silva & Uchida, 2000). The current study concurs with Zuba et al. (2011) who reported N as the critical macronutrient influencing processes in growth and development directly on source-sink relations, altering the distribution of assimilates between the vegetative and the reproductive part resulting into yield. Unlike N and P, K does not form any vital organic compounds in the plant. However, the presence of K is vital for plant growth because K is known to be an enzyme activator that promotes metabolism (Silva & Uchida, 2000). It enhances nutrient uptake, cell growth and differentiation (Huett & Dettmann, 1991). Many authors have reported that adequate K nutrition is linked with increased yields (Afzal et al., 2015; Kanai et al., 2007), which further confirm the current findings on need to supplement the biosolids substrate with NPK fertilizer, for its impacts on tomato production. In the present study, the dose of fertilizer NPK doubled at higher rates of BS 30 and 40%, caused reduction in yield in terms of fruit number. This is in agreement with and Tavakkoli et al. (2010), who reported water stress from high EC in the nutrient solution may cause a significant yield reduction. In a related study, Pengfei et al. (2017) confirmed that salinity stress in tomato at flowering and fruiting stages causes yield reduction, in similar manner, but does not affect quality of fruits. In the current work, the aspect of macro and micro-nutrients in BS is a factor that contributed to tomato yield. As observed earlier (Chapter 3), Fe, Mn, B, Mo and Zn were significantly available in the BS rates especially at range of 10% to 40% (Table 2). Among the nutrients mentioned, boron is involved in protein synthesis transport of sugars, respiration and RNA and carbohydrate metabolism and also essential for pollen germination and growth of the pollen tube. 

5.4.5 Marketable and non-marketable
The result of the present study revealed significant effect of BS and its interactive effect with NPK fertilizer on marketable and non-marketable tomato fruits. However, the relationship between marketable and non-marketable fruits against the substrates were inversely proportional to each other.  While both BS at 30% and the interactive effect with NPK registered higher marketable fruits, non-marketable fruits were lower in the aforementioned substrates. Most of the poor qualities in fruits were represented as blossom end rot (BER), blotch ripening, puffiness, gold flex, car face, sunscald and very small size stony fruits, which renders them non-marketable. All these were physiological disorders wholly or partly based on nutritional deficiencies in the substrate. 
Blossom end rot in tomato is a disorder that appears on fruits at any time in their development, but mostly in the first half of the fruit development. The cause is calcium deficiency and this was more common in tomatoes grown in substrate control (FS), BS 10% and 20%. These were rates with lower organic matter; hence moisture was a limiting factor (Pascual et al., 2018). In regards to the substrate, availability of Ca to plants depends on the moisture content, a driving force to the plant system. Thus, lower moisture probably affected the continuous flow of the element. On the other hand, positive interaction was observed between BS 10% with NPK 100 kg ha-1 NPK. However, further increase showed increase in BER due excess N, and this is in agreement with Bombiti, (2006) who observed that excessive application of N negatively affected Ca intake from the substrate by nutrient antagonism. 
Blotchy ripening is another physiological disorder observed due substrate rates effect on tomato fruits. These were irregular green blotches over red tomato skin. They are caused by water stress, imbalance of N, poor K intake and distribution in plant (Taize and Zaiger, 2002). This phenomenon can still be explained from the physic-chemical and nutritional status of the substrate. First, it is probable that organic component derived from BS at 30% retained enough moisture to avail the K in the substrate for tomato plant for the higher fruit yield as observed, compared to control and other lower rates. Studies have shown that botchy could be corrected by regular water supply, and additional supply of N and K as reported by Sianju et al. 2003). Most blotchy symptoms were also observed in BS 40%. This in line with observation made by Mtshali et al. (2014) that elevated EC of soils amended with biosolids may cause high Na concentration, connected to salt stresses that normally affect the intake K in plant (Taize & Zaiger, 2002). 
Cat face is one of the physiological disorders that influence, non-marketable yield of tomato fruits in the current study. These were tomato fruits distorted from the blossom end with ridges, furrows indentions and blotches. Most affected were plant from BS 40% and more so in BS 30 and 40% combined with any rate of NPK fertilizer. This could also be attributed partly on salt stress due to higher electrical conductivity of the substrate. Some of the affected fruits were naturally small, stony and failed to ripen, which in conformity with observation made by Mengel (2002). Lack of K element in the aforementioned substrate may lead to unripening situation. This is in line with Bombiti (2006) observation, when tomato is grown in salt free environment. 

In this study another physiological disorder exhibited by tomatoes from different substrates rates was puffiness. Puffiness of tomato fruit occurs when outer cell continues to develop normally while growth of inner tissues is retarded (Mengel, 2002). On plant nutrition, it may be a sign of high N and K in the substrate. This was evident especially at BS 30%, where least incidence of puffiness was observed. However, the interactive effect also revealed BS 10% and NPK 100 kg ha-1 with least incidence of puffiness was observed. Any rate of BS beyond 10% in combination with NPK, especially BS and 40% showed higher incidence of puffiness, indicating probably that most essential plant elements were locked up especially K in the labile pool of the substrate and not available to the tomato plant for growth and development. 
5.5 Conclusion 

This study confirms that the rate of BS 10% combined with 100 kg ha-1 NPK is the best substrate for greenhouse tomato production. It is a substrate with a good source of nutrient for plant production, hence growth and yield of greenhouse tomato. This necessitates the use of this biosolids in small quantity at the rate of BS 10% combined with 100 kg ha-1 NPK.  Overall, our results demonstrate that biosolids are reliable sources of plant nutrient. It is clear that biosolids are rich in plant nutrients and organic matter and this increased the tomato yield in this study. Use of BS tested in this study was economically feasible in the sense that it reduces the use of conventional fertilizer NPK by half, which is beneficial to tomato producer

CHAPTER SIX

IMPACT OF BIOSOLIDS- BLENDED FOREST SOIL AND NPK FERTILIZER ON POSTHARVEST QUALITY AND SAFETY OF POTTED GREENHOUSE TOMATO 

Abstract  

The effects of biosolids amended with soil on quality and safety of tomato for consumers have not been adequately addressed. The objective of this study was to investigate the influence of biosolids amended forest soil substrates and NPK fertilizer (17:17:17) on post-harvest quality and safety of tomatoes. Potted tomato ‘Maxim F1’was grown in plastic greenhouse using a split plot embedded in a randomized complete block design with four replications. Inorganic fertilizer NPK (17:17:17 fertilizer constituted the main plot factor at three levels (0, 100 kg ha-1 (5g per pot) and 200 kg ha-1; (10g per pot) while Biosolid blended forest soil was the subplot factor at five levels (0%, 10%, 20%, 30%, and 40% v/v). Tomato fuits were harvested and analysed for ascorbic acid, chlorophylls, carotenoids and total phenolic compounds; weight loss, fruit firmness, titratable acidity and total soluble solids, as well as heavy metals and microbial contaminants. Results revealed that tomato fruit at 10% BS in combination with NPK fertilizer at 100 kg ha-1 had the highest β-carotene (6.1 mg 100 g-1), lycopene (26.1 mg 100 g-1), ascorbic acids (128.0 mg 100 g-1), total phenolic acids (13.2 mg 100 g-1), total soluble solids (17%). However, the same rates produced tomato fruit with lower titratable acidity (2.2%) and had heavy metal residues within the permissible level, according to International EPA standards on biosolids utilization for food crops production. Similarly, no trace of pathogenic bacteria; Salmonella, Escherichia coli, Staphylococcus was observed on the harvested tomato. This study reveals BS at 10% with NPK fertilizer at 100 kg ha-1 substrate as a better option of plant nutrient source for quality and safe greenhouse tomato production.

Key words: Biosolids, Contaminants, Postharvest Quality, Tomatoes, Safety 

6.1 Introduction

Biosolids are the nutrient-rich organic materials resulting from the treatment of domestic sewage in a wastewater treatment (DEC, 2014). World production of biosolids is ever increasing due to global population rise and social progress, particularly in developing countries (Kumar et al., 2017). While technologies to reduce, transform, or reuse biosolids are under continuous development, their safe use in agriculture is still considered the main feasible option (Torri et al., 2014). They are, not only rich in nutrients but also contain significant level of contaminant such as pathogens and pollutants (Clarke & Cummins, 2015 Usman et al., 2012; Wortmann & Binder, 2009). However, for use in crop production, they are stabilized to reduce or eliminate pathogens and manage volatile organic solid (BCWWA, 2016). Thus, application of biosolids as a fertilizer in crop cultivation is a common practice in many countries (Sreesai et al., 2013). When applied to land, biosolids can improve crop yields through fertilization, increase soil water storage, improve soil quality, avert greenhouse gas emissions, and accelerate carbon sequestration by improving the capacity of the soil to store carbon (Brown & Trlica, 2013). 

The use of biosolids has been reported to enhance secondary metabolites in tomatoes especially carotenoids, of which lycopene is the most abundant in the ripe fruit, accounting for approxi​mately 80-90% of the total pigments (Hernández et al., 2009). Lycopene is an antioxidant, which protects cells from oxidative damage and helps to decrease the risk of chronic diseases such as coronary heart diseases and cancer (Giovannucci, 2002; Taber et al., 2008). Environmental conditions and medium fertility can affect fruit lycopene content (Kanai et al., 2007). Similarly, α-, β-, γ-, δ-carotene, zeaxanthin, lutein, neurosporene, phytoene, and phytofluene, which has clinically been proven as natural anti-carcinogenic and health related compounds in tomatoes, is directly dependent on nutritional application on tomato (Capano​glu et al., 2010). Previous studies have shown that tomato plants accumulate phenolic compounds as defence mechanism under certain stress conditions, such as low N availability (Løvdal et al., 2010). Ribas-Agusti et al. (2016) also suggested that fruit quality in terms of weight, diameter, °brix and phenolic content can be achieved by partially replacing mineral N fertilizer with composted biosolids. An increase in tomato phenolic content was observed after organic amendment, biosolids, was added to the substrate (Brandt et al., 2011; Mitchell et al., 2007). In a different study, Tzortzakis et al. (2012), working on greenhouse pepper (Capsicum annum) production reported that use of biosolids substrate, increased total phenols and fruit lightness. However, it reduced fruit acidity but did not affect fruit dry matter content, firmness, green colour, total soluble sugars and EC of peppers. In another study by Perez-Espinosa et al. (2008), titratable acidity, and soluble solids in fresh fruit seemed to increase with sewage sludge application. Mostly these organic fertilizers have been known to supply both macro and micronutrients.  Among the micronutrients, boron and zinc play an important role in improving the yield and quality of tomato in terms of secondary metabolites and chlorophyll content (Salam et al., 2011). 

Product safety in the use of biosolids is normally of great concern and especially on production of fresh produce. The rates of biosolids application in agriculture have been guided by the amount of trace element in the samples used (Mtsali et al., 2014). Trace elements are of particular concern in regard to their effects on human and animal health. United States EPA (1995) have analysed the risks of heavy metals and trace elements to humans, animals, plants, and soil organisms from exposure to pollutants in biosolids via different pathways for applied biosolids. Nine trace elements: arsenic (As), cadmium (Cd), copper (Cu), lead (Pb), mercury (Hg), molybdenum (Mo), nickel (Ni), selenium (Se), and zinc (Zn), were deemed to be of sufficient risk to regulate. The application of biosolids ceases, if it is estimated that the cumulative loading limit is being approached (Qin et al., 2012). 
Microbial contamination in biosolids is mainly of faecal origin (Mtsali et al., 2014). However, as most of the contaminating micro-organisms are heat-sensitive, they are eliminated during composting, leading to a faecal pathogen-free end product. For persistent microbes, D’Addabbo et al. (2010) proposed sanitization, through employing solarization of the media. Strauch (1991) quantified the pathogens of concern and their evolution during composting. Pathogens found in biosolids can be viruses, bacteria, protozoa or helminths. These microorganisms are potential contaminants because of their pathogenicity and are indicators of faecal contamination. Decrease in faecal contamination indicators and elimination of faecal pathogens was reported by De´portes et al. (1998), when biosolid were left before use over period of one year and all were eliminated.

Many cultural practices such as types of nutrient, water supply, and harvesting methods are also believed to influence both pre- and postharvest quality of tomato (Melkamu et al., 2008). Postharvest quality losses are as a result of many pre harvest factors (Senevirathna & Daundasekera, 2010). This implies postharvest quality of the fruit cannot be improved after harvest but can only be maintained. Therefore, it is important to know that pre-harvest factors that can produce superior qualities in fruits during harvest whilst using appropriate postharvest handling and treatment methods to maintain the quality after harvest. Substrate composition and nutrient status may play a vital role in postharvest quality of greenhouse crop production without contamination. This is especially when growing medium is optimized through blending with another substrate component. The objective of this work was to determine the effect of biosolids blended with forest soil and NPK fertilizer on postharvest quality and safety of greenhouse tomatoes.

6. 2 Materials and Methods
6.2.1 Experimental site 

This study was conducted on two greenhouse trials.  The first commenced from January to May 2018, while second from June to November, 2018. The experimental site was Horticulture Research and Teaching Field, Egerton University, Njoro, Kenya. The site is located on latitude 0 23’ S and longitude 35 35’ E in the lower highland III (LH3) agro ecological zone at an altitude of 2238 m above sea level (Jaetzold et al., 2012). A tunnel-shaped greenhouse measuring 8 m by 60 m by with a height of 3 m and covered with UV stabilized polyethlene sheet gauge 150 μm from Amiran, Co Ltd Nairobi Kenya was used the experiment. The air temperatures inside the greenhouse during the experiment were 24.5 ± 0.9 °C and 13.3 ± 4. °C during the day and night respectively. The average day and night relative humidity inside the greenhouse were 55.6 ± 9.6 % and 80.8 ± 3.6 %, respectively. 
6.2.2 Experimental design and treatments    

The experiment was as arranged in a split-plot in a randomized complete block design, replicated four times. Inorganic fertilizer NPK (17:17:17) at three levels: 0, 100 kg ha-1 (5g per pot) and 200 kg ha-1; (10g per pot) was the main plot factor while Biosolids mixing rates in forest soil (FS) at five levels: 0, 10%, 20%, 30% and 40% (v/v) constituted the subplot factor. Four blocks each with 15 treatment combinations were separated by a 0.7 m path. Each experimental unit had 10 potted tomato plants in two rows. 

6.2.3 Sample collection and storage
Tomato fruit samples for post-harvest quality and safety analysis were harvested at breaker stage from the six pots in the middle of each plot and placed in khaki paper bags. After harvesting tomatoes from the greenhouse, those for analysis of fruit metabolites were kept in the bag for four days to attain uniform ripening colour. Thirty fruits were randomly selected from each experimental unit and placed on the laboratory shelf according to the experimental design used in the greenhouse. The average temperatures inside the laboratories shelves at Egerton were 28 ± 0.4 °C and °C 21 ± 0.9 for day and night respectively. The average relative humidity inside the laboratory was 55 ± 2.3 % and 60 ± 3.6 %, for day and night respectively. Data on various postharvest variables were collected from the samples on day 0, 5 and 10 after harvest.
6.2.4. Analysis of metabolites

Extraction of tomato for metabolites and other quality aspects was done in the Biotechnology laboratory, Egerton University (Plate 6.1). Four tomatoes were randomly picked from each experimental unit, cut into small pieces, blended into a paste using pestle and mortar and replicated 3 times.  Each sample was subjected to different analysis as indicated below.
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Plate 6.1: Preparation of tomato paste for determination of different secondary metabolites

a) Ascorbic acid content
Ascorbic acid was determined by titration with 2, 6-dichlorophenolindophenol dye. Ten grams of fresh tomato fruit sample were extracted in 30 mL of 5% oxalic acid using a pestle and mortar, and then filtered (Whatman No.1 filter paper). Standard indophenol solution was prepared by dissolving 0.05 g of 2, 6- dichlorophenol-indophenol in distilled water then diluted to 100 mL and filtered. Ascorbic acid standard solution was prepared by dissolving 0.05 g of pure ascorbic acid in a small volume of 5% oxalic acid solution and then diluted to 250 mL with the same oxalic acid solution. Ten millilitre of the ascorbic acid standard solution was then titrated with the indophenol solution to a slight pink end point. Ten millilitres of oxalic acid were titrated as a blank. The amount of ascorbic acid corresponding to one millilitre of indophenol solution was then calculated. Ten millilitres of the filtered sample extract were pippeted into a 50 mL flask and made to the mark with the 5% oxalic acid solution. The standard indophenol solution was used for titrating 10 mL of the filtrate. The ascorbic acid content was expressed in mg per 100 g sample. Using the formula;

Ascorbic acid = C×V× (DF/WT)

Where C = ascorbic acid (mg); V= Volume of dye used for titration of diluted samples (mL) DF = dilution factor, WT= sample weight (g).

b) Total phenolic content
The total phenolic content (TPC) was measured according to Genovese et al. (2008). The samples were extracted in proportions of 1:20 (m/v) with methanol, using a homogenizer for 1 minute. The sample was re-extracted in the same ratios. The supernatants were filtered using filter paper No. 1 and the volume made up to 50 mL. An aliquot (1 mL) of supernatant was oxidized with 1 mL of Folin-Ciocalteu’s reagent and neutralized by 1 mL of 20% sodium carbonate. The reaction mixture was incubated for 30 minutes at ambient temperature and absorbance was measured at 745 nm using a UV/Vis Spectrophotometer Model: U-T6, (Shanzhai) Co. Ltd, and China. Total phenolic content was obtained using a calibration curve of garlic acid (1 mg/mL) as standard. Total phenolics were expressed in mg equivalents of garlic acid per 100 grams of the sample (mg GAE/100 g).

c) Determination of lycopene, β-carotene and chlorophylls

Lycopene and β-carotene and chlorophyll were extracted as described by Fish et al. [15] using acetone/hexane (4:5). The samples were analysed by UV-Vis spectrophotometer, for β-carotene (453 nm), lycopene (505 nm), and chlorophyll a (663 nm) and b (645 nm). Carotenoids and chlorophylls were calculated and expressed as µg/g DM.
For calculating β-Carotene and Lycopene, the formula for their content was = (Ex x V)/FW, 
Where Ex; absorbance depending on the carotenoids, V; volume of the solution (25 ml) and FW; the fresh weight of the sample.

Total carotenoids = (450 x V x 4)/FW
Where E450 is the absorbance at 450nm, Vis the volume of the solution (25ml), 4 is a constant and FW is the fresh weight of the sample.

Chlorophyll a = {(10.1 x E663) - (10.1 x E645) x V}/FW 
Chlorophyll b = {(16.4 x E645 - 1.01 x E663) x V}/FW 

Where E663 and E645; the absorbance of chlorophyll a and b respectively, V; the volume of the solution and FW; the fresh weight of the sample done according to Gogo et al. (2017).
6.2.5 Analysis of postharvest qualities
a) Weight loss 
The determination of weight loss of harvested tomato fruits from each biosolids substrate rates was done from a random sample of five fruits. These were drawn from each treatment lot and weighed immediately from harvest. The same fruits were kept at room temperature and re-weighed after every two days until the tenth day and results presented as percent weight loss based on the initial weight.

b) Fruit firmness 
The determination of tomato fruit firmness was done from harvested tomato fruits. Using a random sampling, ten fruits drawn from each experimental unit and data collected on day 0, 5 and 10 after harvest. Tomato fruit firmness (kgF cm-2) was determined using hand held penetrometer (model 62/DR, UK) from the beginning of the experiment and continued at 5 and 10 days after harvest. 

 c) Total soluble solids 
Fruits total soluble solids (TSS) was determined on the same fruits used for determination of firmness using a hand-held refractometer (0​30°Brix) (RHW refractometer, Optoelectronic Technology Company Ltd, UK) was used as per the procedure described by Tigchelaar (1986). Results were expressed as °Brix. This was done at the beginning of the experiment and continued at 5 and 10 days after harvest.
d) Titratable acidity (TA)
Ten tomatoes were picked from each biosolids experimental unit at random and juice extracted using a blender for titratable acid determination. Five milliliters of tomato juice were diluted with 50 mL of distilled water and titrated against 0.1N NaOH solution using phenolphthalein indicator according to Otieno et al. (2017). The volumes of NaOH titre required to change the indicator from colourless to pink were recorded and multiplied by a factor of 0.064, the acid factor for the predominant acid in tomato (citric acid), to estimate the TA levels according to the formula of Tigchelaar (1986): 

 𝐴𝑐𝑖𝑑 (%) = 𝑇𝑖𝑡𝑒𝑟 × 𝑎𝑐𝑖𝑑 𝑓𝑎𝑐𝑡𝑜𝑟 × 100 10 𝑚𝐿 𝑜𝑓 𝑡𝑜𝑚𝑎𝑡𝑜 𝑗𝑢𝑖𝑐𝑒
6.2.6 Microbial load analysis on tomato fruits Culture media and tomato extract preparation 

Microbial contamination study was done in the Food Science Microbiology laboratory at, Egerton University, Kenya. This study was based on safety aspect of the tomato fruits ready for consumption, targeting the existence of Salmonella sp, Escherichia coli, Staphylococcus spp as contaminants. This was done to determine specific microbes mentioned, in the fruit when biosolids is used as a plant nutrient. Ripe tomatoes from different rates of BS were used for microbial load analysis. Using random selection, four tomatoes samples were picked from each plot, washed thoroughly in running water, and then rinsed in double distilled water. The tomatoes fruits were cut in to small pieces and 25 g of the pieces were blended using a juice blender into a tomato paste. Samples were tested for the presence/absence of biological contaminants such as Salmonella spp, Escherichia coli, Staphylococcus sp. Using manufacturers procedure, three types of selective media were prepared for the inoculation of the specific bacteria of concern: Salmonella spp in Salmonella Shigella Agar, Escherichia coli in Eosin Methylene Blue Aga and Staphylococcus in Baivd Parker Agar. For the counting of bacteria, 1 mL of homogenate was aseptically transferred onto plate count nutrient agar (Oxoid, England) in triplicates. The plates were incubated at 37 °C for 24 hours under aerobic atmosphere. After incubation and isolation, the number of colonies were determined by a colony counter and recorded as colony-forming unit (CFU) g-1 and total viable count (TVC) g-1 of the growing medium. The evaluation of microbial cellular content in samples were determined by counting of plates (Plate 6.3 and 6.4). The existence of pathogenic microbial organisms like Salmonella sp., Escherichia coli and Staphylococcus sp. was determined in each sample in triplicates, according to the method used in chapter 3.
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Plate 6.2 Inoculation culture media preparation for serial dilution.  
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Plate 6.3: Preparation of tomato extract for microbial analysis.
6.2.7. Analysis of heavy metal accumulation in tomato fruits
a) Extraction 
Tomato fruits were left in the laboratory shelf for ten days to ripe uniformly. Four tomatoes were randomly picked from each substrate experimental units, cut into small pieces, blended into a paste using a blender and replicated 3 times. Each sample was subjected to analysis as indicated below (Plate 6.5).
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Plate 6.4: Preparation of tomato paste extract for heavy metals analysis. 

b) Heavy metal analysis 
Determination of heavy metal contaminants on tomato fruits was done in the soil and tissue analysis Laboratory at Kenya Plant Health Inspectorate Services (KEPHIS), Kitale, Kenya. This was to assess the presence of Pb Cd, Cu, Zn and Ni. Ripe and ready to eat tomato were blended and wet digestion method was employed.  Five ml of blended tomato juice sample was taken and transferred to 100mL conical flask. An aliquot of 4 mL HNO3, and 0.5 mL H2O2 was added and special containers packed and placed into a microwave for digestion. The resultant solution was transferred to 50 mL volumetric flask diluted by Internal Standard Solution (ISTD) Ge, Rh, T1 at 50 ppb for nitric acid digestion. The Inductively Coupled Plasma Mass Spectrometry (ICP-MS) conditions were adjusted, calibrated by blank solution. Then for better operating conditions, the ICP-MS was adjusted to nebulizer gas flow 0.91 L/min, radio frequency (RF) 1200 W, lens voltage 1.6V, cool gas 13.0L/min, and auxiliary gas 0.70 L/min and finally metals contents of the fruits were analysed by ICP-MS, method adopted by Musa and Lal, (2018). 

6.2.8 Data Analysis

Data analysis was done using statistical package version 9.1 (SAS Institute, Cary Inc., 2001). Shapiro-wilk test was used to check for normality of the data before analysis. Numerical data were subjected to analysis of variance (ANOVA) at p ≤ 0.05 and means for significant treatments separated using Tukey’s Honestly Significant Difference (THSD) test at p ≤ 0.05. The statistical model fitted for the experiment was as indicated below: 

Yijk = μ + βi + mj + sij + πk + mπjk + €ijk ;i = 1, 2, 3,4; j = 1, 2, 3; k = 1, 2, 3, 4, 5; 

Where; Yijkl –tomato response, μ – Overall mean, βi – effect of the ith block, mj – effect of the jth rate of NPK, sij – main plot error (a), πk – effect of the kth rate of Biosolid, mπjk – interaction effect of the jth and kth levels of NPK and Biosolids, respectively, €ijk – sub plot error (b).
5.0
6.3. Results

6.3.1 Effects of NPK and biosolids rates on secondary metabolites content in tomato fruits  

a) Ascorbic acid
The ascorbic acid content of tomato fruits was significantly influenced by various substrates used for production. Generally, tomato fruit ascorbic acid content was on a reducing from the time of harvest.  The interactive effect of BS at the rates of 10% in combination with 100 kg∙ha-1 of NPK showed a consistency in high fruit ascorbic acid content throughout the 10 days storage period (Table 6.1). However, no significant differences were observed between this treatment combination and BS at 30% without fertilizer. Any rate of BS substrate beyond 10% in combination with NPK fertilizer rate did not improve ascorbic acid content in the tomato fruit. 

Table 6.1. Effect of NPK and biosolids rates on tomato ascorbic acid content (mg/100g) during storage in trials one and two

	
	
	0 DAH
	5 DAH
	10 DAH

	NPK
	Biosolid
	T1 
	T2 
	T1 
	T1 
	T2 
	T1 

	NPK0

	B0
	206.4±57.0d*
	185.8±37.9d
	168.6±16.5c
	140.5±5.4c
	  94.9±1.9b
	  90.7±4.2b

	
	B1
	441.4±36.4ab
	438.7±43.2ab
	201.0±16.3ab
	167.3±7.1b
	112.0±5.2ab
	107.3±7.6ab

	
	B2
	408.3±27.3ab
	440.0±31.2ab
	201.4±15.4ab
	169.5±9.7b
	101.3±7.7ab
	  97.5±7.4b

	
	B3
	462.8±36.6ab
	483.8±48.6ab
	213.9±16.2ab
	180.3±9.8ab
	106.0±9.1ab
	115.3±5.4ab

	
	B4
	313.5±51.2bc
	297.5±80.6c
	194.9±19.3ab
	156.4±2.7bc
	  85.4±8.1b
	  95.8±6.0b

	NPK100

	B0
	433.8±38.0ab
	479.6±58.6ab
	218.5±19.5ab
	180.6±6.1ab
	108.4±6.2ab
	112.0±4.9ab

	
	B1
	504.8±27.5a
	554.4±41.1a
	220.3±21.5a
	185.7±3.9a
	115.4±9.3a
	128.0±3.7a

	
	B2
	328.8±44.2bc
	364.3±26.1bc
	183.1±15.7b
	152.4±7.2bc
	  93.9±1.7b
	101.4±9.1ab

	
	B3
	249.5±84.3c
	297.5±59.7c
	178.4±18.6bc
	160.0±4.9b
	  84.9±9.4b
	  92.2±9.4b

	
	B4
	201.9±40.8d
	237.2±18.8cd
	175.8±25.1bc
	153.6±6.4bc
	  81.9±7.4b
	  90.9±6.3b

	NPK200

	B0
	372.6±69.5b
	418.0±11.9b
	188.3±22.9b
	167.3±2.7b
	108.0±7.4ab
	106.5±5.6ab

	
	B1
	357.6±74.1b
	394.7±34.6b
	180.9±14.8b
	163.5±6.0b
	104.3±8.0ab
	108.4±6.8ab

	
	B2
	267.4±60.9c
	350.3±88.9bc
	181.3±24.1b
	158.6±5.7b
	  92.3±6.8b
	100.1±5.9ab

	
	B3
	249.1±48.2c
	293.7±70.1c
	180.6±23.6b
	161.1±4.5b
	  91.8±5.3b
	  94.2±6.2b

	
	B4
	209.6±49.2d
	269.8±45.8cd
	187.4±22.6b
	159.5±3.5b
	  80.3±7.8b
	  96.5±6.0b


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%.
b) Total phenolic acids
Total phenolic acids of the fruits generally decreased during the storage period. Regarding responses to the substrate rates, phenolic acids was significantly higher in NPK 100 kg ha-1 with BS 10% compared to the control and other substrates observed before 5 DAH. At 5 DAH similar trend was observed with NPK 100 kg ha-1 and BS 10% registering higher phenolic acids compared to the control and the higher rates both BS and NPK combined. This was consistent throughout 10-day period (Table 6.2). 
Table 6.2. Influence of NPK and biosolids rates on tomato total phenolic content (mg/100g) during storage in trial one and two

	
	
	0 DAH
	5 DAH
	10 DAH

	NPK
	Biosolid
	T1 
	T2 
	T1 
	T1 
	T2 
	T1 

	NPK0

	B0
	21.5±5.9c
	18.8±3.8d
	17.7±1.7b
	14.7±0.6c
	  8.4±0.8c
	  9.4±0.4b

	
	B1
	46.0±3.8ab
	44.3±4.4b
	21.0±1.9ab
	17.5±0.7ab
	11.7±0.5a
	11.1±0.8ab

	
	B2
	42.5±2.8b
	44.4±3.1b
	21.1±1.6ab
	17.7±1.0ab
	10.6±0.8b
	10.1±0.8b

	
	B3
	48.2±3.8a
	48.9±4.9ab
	22.4±1.9a
	18.8±0.3a
	11.1±0.9ab
	11.9±0.6ab

	
	B4
	32.7±5.3bc
	30.1±8.1bc
	20.4±2.0ab
	16.3±0.6bc
	  9.9±0.2bc 
	  9.9±1.0b

	NPK100

	B0
	45.2±4.0ab
	48.4±5.9ab
	22.9±2.9a
	18.9±0.4a
	11.3±1.1ab
	11.6±1.5ab

	
	B1
	52.6±2.9a
	56.0±4.1a
	23.1±2.2a
	19.4±0.8a
	12.0±1.0a
	13.2±0.4a

	
	B2
	34.2±4.6bc
	36.8±2.6bc
	19.2±1.6ab
	15.9±1.5bc
	  9.8±0.2bc
	10.5±0.9b

	
	B3
	26.0±8.8c
	30.0±5.9bc
	18.7±1.9b
	16.7±1.1b
	  8.9±1.0c
	10.0±0.7b

	
	B4
	21.0±4.3c
	27.3±4.6c 
	19.6±2.4ab 
	16.1±0.3bc
	  8.9±1.3c 
	  9.5±1.0b

	NPK200

	B0
	38.8±7.2b
	42.2±2.8b
	19.7±2.4ab
	17.5±0.6ab
	11.3±0.8ab
	11.0±0.3ab

	
	B1
	37.3±7.7b
	39.9±3.5b
	18.9±1.6ab
	17.1±0.6ab
	10.9±0.7b
	11.2±0.7ab

	
	B2
	27.9±9.2c
	35.4±9.0bc
	19.0±2.5ab
	16.6±0.5b
	  9.6±0.6bc
	10.3±1.3b

	
	B3
	26.0±5.0c
	29.7±7.1c
	18.9±2.5ab
	16.8±0.5b
	  9.6±0.5bc
	  9.7±0.6b

	
	B4
	21.8±5.1c
	24.0±1.9cd
	18.4±2.6b
	16.7±0.4b
	  8.5±0.8c
	  9.4±1.2b


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. * Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%.
c) Beta β-carotene content 
The substrate significantly significantly (p<0.05) influenced the fruit tomato β-carotene. Generally, tomato β-carotene content increase with days in the shelf. The results showed the substrate significantly influenced the fruit tomato β-carotene from 5 DAH (Table 6.3). At both 5 DAH and 10 DAH, interactive effect of BS 10% and NPK 100 kg ha-1 registered higher fruit β-carotene content than the control. Nevertheless, BS rate at 30% without fertilizer was not significantly different from the best treatment combination with NPK fertilizer. The addition of NPK to any BS rate above 10% also did not show significant increase in tomato β-carotene content during storage. 
Table 6.3. Effect of NPK and biosolids rates on tomato β-carotene content (mg/100g) during storage in trial one and two
	
	
	0 DAH
	5 DAH
	10 DAH

	NPK
	Biosolid
	T1 
	T2 
	T1 
	T1 
	T2 
	T1 

	NPK0

	B0
	0.6±0.0c*
	0.6±0.0c
	1.0±0.2c
	1.7±0.1c
	2.0±0.7e
	2.0±0.4c

	
	B1
	1.0±0.0a
	0.9±0.1b
	2.4±0.2ab
	2.0±0.1ab
	5.1±0.4b
	4.8±0.5ab

	
	B2
	0.9±0.1ab
	0.9±0.1b
	2.4±0.2ab
	2.0±0.1ab
	4.7±0.3bc
	4.8±0.3ab

	
	B3
	0.9±0.1ab
	1.0±0.0ab
	2.6±0.3ab
	2.2±0.1a
	5.4±0.4ab
	5.3±0.5ab

	
	B4
	0.7±0.1bc
	0.8±0.1bc
	1.6±0.4bc
	1.9±0.0b
	3.6±0.6cd
	3.3±0.9bc

	NPK100

	B0
	0.9±0.1ab
	1.0±0.1ab
	2.6±0.3ab
	2.2±0.1a
	5.0±0.4b
	5.3±0.6ab

	
	B1
	1.0±0.1a
	1.1±0.0a
	3.0±0.2a
	2.2±0.0a
	5.8±0.3a
	6.1±0.4a

	
	B2
	0.8±0.0b
	0.9±0.1b
	2.0±0.1b
	1.8±0.1bc
	3.8±0.5cd
	4.0±0.3b

	
	B3
	0.7±0.1bc
	0.8±0.1bc
	1.6±0.5bc
	1.9±0.2b
	2.9±1.0d
	3.3±1.1bc

	
	B4
	0.7±0.1bc
	0.8±0.1bc
	1.3±0.1bc
	1.8±0.1bc
	2.3±0.5de
	2.6±0.2bc

	NPK200

	B0
	0.9±0.1ab
	0.9±0.0b
	2.2±0.1b
	2.0±0.0ab
	4.3±0.8c
	4.6±0.1ab

	
	B1
	0.9±0.1ab
	1.0±0.1ab
	2.1±0.2b
	2.0±0.1ab
	4.1±0.9c
	4.3±0.4b

	
	B2
	0.8±0.1b
	0.9±0.1b
	1.9±0.5b
	1.9±0.0b
	3.1±1.2d
	3.8±1.0b

	
	B3
	0.8±0.0b
	0.8±0.1bc
	1.6±0.4bc
	1.9±0.1b
	2.9±0.6d
	3.2±0.8bc

	
	B4
	0.7±0.1bc
	0.9±0.1b
	1.4±0.2bc
	1.9±0.0b
	2.4±0.6de
	3.0±0.5bc


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%.
d) Tomato lycopene content
Tomato lycopene content generally increased during the 10-days storage period. Fruit lycopene content generally increased with day in the shelf. For the fruits produce in BS without NPK fertilizer, 10%, 20% and 30% were significantly higher in lycopene content than control FS and BS 40%. However, the interactive effect between BS 10% with fertilizer NPK 100 kg ha-1, registered higher lycopene content consistently throughout the 10 DAH.   Any rate of BS above 10% did not increase lycopene content of the fruits in combination with fertilizer (Table 6.4).

Table 6.4. Effect of NPK and biosolids rates on tomato lycopene content (mg/100g) after harvest in trial one and two

	
	
	0 DAH
	5 DAH
	10 DAH

	NPK
	Biosolid
	T1 
	T2 
	T1 
	T1 
	T2 
	T1 

	NPK0



	B0
	3.27±0.08c*
	3.92±0.18c
	  3.88±0.79e
	6.70±0.79c
	  8.78±1.78d
	  8.73±1.22d

	
	B1
	4.69±0.22a
	4.63±0.33b
	  9.16±0.90b
	7.98±1.76ab
	21.38±1.75ab
	20.61±1.24ab

	
	B2
	4.24±0.32a
	4.21±0.32bc
	  9.19±0.65b
	8.09±1.32ab
	19.78±1.13ab
	20.67±1.55ab

	
	B3
	4.44±0.38a
	4.98±0.24ab
	10.10±1.01ab
	8.60±1.77a
	22.42±2.28ab
	22.73±2.66ab

	
	B4
	3.58±0.51ab
	4.14±0.43bc
	  6.21±0.68cd
	7.46±1.09b
	15.19±3.76bc
	13.98±2.00c

	NPK100



	B0
	4.54±0.43a
	4.84±0.64ab
	10.01±1.22ab
	8.62±1.84a
	21.02±2.75ab
	22.53±2.11ab

	
	B1
	4.83±0.39a
	5.53±0.16a
	11.58±0.86a
	8.86±1.33a
	24.46±1.93a
	26.05±3.55a

	
	B2
	3.93±0.07ab
	4.38±0.39bc
	  7.61±0.55c
	7.27±1.44bc
	15.93±3.37bc
	17.12±2.14b

	
	B3
	3.55±0.39b
	3.98±0.41c
	  6.21±1.88cd
	7.64±1.73b
	12.09±1.97c
	13.98±2.00c

	
	B4
	3.43±0.31b
	3.92±0.49c
	  4.95±0.39de
	7.33±1.24bc
	10.00±2.05c
	11.14±2.55c

	NPK200



	B0
	4.52±0.31a
	4.60±0.14b
	  8.73±0.25bc
	7.98±1.55ab
	18.05±1.99b
	19.64±2.68ab

	
	B1
	4.37±0.33a
	4.68±0.29b
	  8.24±0.72bc
	7.80±1.67ab
	17.33±2.33b
	18.54±1.78b

	
	B2
	3.87±0.28ab
	4.32±0.56bc
	  7.31±0.87c
	7.57±1.68b
	12.95±2.00c
	16.46±1.55bc

	
	B3
	3.84±0.22ab
	4.07±0.27c
	  6.13±0.46cd
	7.69±1.66b
	12.07±1.79c
	13.80±2.66c

	
	B4
	3.36±0.33b
	4.17±0.26c
	  5.63±0.96d
	7.61±1.75b
	10.16±1.99c
	12.68±1.09c


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%.
e) Tomato chlorophyll a and b
Generally, there was a decreasing trend on total chlorophyll of tomato with storage days. As from BS 10% to 30% chlorophyll a content of the fruits were higher than control, but declined at BS 40%. On the interactive effect of the substrate rates, 100 kg ha-1 of NPK, in BS 10% substrate showed significantly (p<0.05) higher chlorophyll a (Table 6.5). A similar response was observed in chlorophyll b content of the tomato fruits during the ten days period (Table 6.6). Similarly, any rate of BS above 10% with NPK fertilizer did not show a significant increase in both chlorophyll a and b. 

Table 6.5. Effect of NPK and biosolids rates on tomato chlorophyll a content (mg/kg) after harvest in trial one and two

	
	
	0 DAH
	5 DAH
	10 DAH

	NPK
	Biosolid
	T1 
	T2 
	T1 
	T1 
	T2 
	T1 

	NPK0



	B0
	0.72±0.06c*
	0.74±0.04c
	0.56±0.02b
	0.55±0.01b
	0.38±0.00c
	0.35±0.00c

	
	B1
	0.96±0.04ab
	0.99±0.04ab
	0.61±0.02a
	0.59±0.01ab
	0.46±0.01a
	0.48±0.01ab

	
	B2
	0.93±0.03ab
	0.99±0.03ab
	0.61±0.02a
	0.60±0.01a
	0.45±0.01a
	0.47±0.01ab

	
	B3
	0.98±0.04a
	1.04±0.05ab
	0.62±0.02a
	0.61±0.01a
	0.45±0.01a
	0.49±0.01a

	
	B4
	0.83±0.05b
	0.85±0.08b
	0.60±0.02ab
	0.58±0.01ab
	0.43±0.01bc
	0.47±0.01ab

	NPK100



	B0
	0.95±0.04ab
	1.03±0.06ab
	0.63±0.02a
	0.61±0.00a
	0.45±0.01a
	0.49±0.02a

	
	B1
	1.03±0.03a
	1.11±0.04a
	0.63±0.02a
	0.61±0.01a
	0.46±0.01a
	0.50±0.00a

	
	B2
	0.84±0.05b
	0.92±0.03b
	0.59±0.02ab
	0.58±0.01ab
	0.44±0.00b
	0.47±0.01ab

	
	B3
	0.76±0.09bc
	0.85±0.10b
	0.59±0.02ab
	0.59±0.01ab
	0.43±0.01bc
	0.47±0.01ab

	
	B4
	0.71±0.04c
	0.79±0.02bc
	0.58±0.03ab
	0.58±0.00ab
	0.43±0.01ab
	0.46±0.01b

	NPK200



	B0
	0.89±0.07b
	0.97±0.01ab
	0.60±0.02ab
	0.59±0.01ab
	0.45±0.01a
	0.48±0.00ab

	
	B1
	0.87±0.08b
	0.95±0.03ab
	0.59±0.02ab
	0.59±0.01ab
	0.45±0.01a
	0.48±0.01ab

	
	B2
	0.78±0.11bc
	0.90±0.09b
	0.59±0.03ab
	0.59±0.01ab
	0.44±0.01b
	0.47±0.01ab

	
	B3
	0.76±0.05bc
	0.85±0.07b
	0.59±0.02ab
	0.59±0.00ab
	0.44±0.01b
	0.47±0.01ab

	
	B4
	0.72±0.05c
	0.82±0.05bc
	0.60±0.02ab
	0.59±0.00ab
	0.42±0.01bc
	0.47±0.01ab


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%.
Table 6.6. Effect of NPK and biosolids rates on tomato chlorophyll b content (mg/kg) after harvest in trials one and two
	
	
	0 DAH
	5 DAH
	10 DAH

	NPK
	Biosolid
	T1 
	T2 
	T1 
	T1 
	T2 
	T1 

	NPK0



	B0
	1.25±0.59c*
	0.98±0.38d
	0.87±0.17c
	0.62±0.06c
	0.09±0.02c
	0.19±0.04c

	
	B1
	3.70±0.38ab
	3.53±0.44ab
	1.20±0.17ab
	0.90±0.07ab
	0.42±0.02a
	0.36±0.08b

	
	B2
	3.35±0.28ab
	3.54±0.31ab
	1.21±0.16ab
	0.92±0.10ab
	0.31±0.03ab
	0.26±0.08bc

	
	B3
	3.92±0.38ab
	3.99±0.49ab
	1.34±0.17a
	1.03±0.03a
	0.36±0.02ab
	0.44±0.06ab

	
	B4
	2.37±0.53b
	2.11±0.81bc
	1.14±0.20ab
	0.78±0.06bc
	0.14±0.03c
	0.24±0.01bc

	NPK100



	B0
	3.62±0.29ab
	3.94±0.59ab
	1.39±0.20a
	1.04±0.04a
	0.38±0.01ab
	0.41±0.05ab

	
	B1
	4.36±0.46a
	4.70±0.41a
	1.41±0.22a
	1.09±0.08a
	0.45±0.01a
	0.57±0.04a

	
	B2
	2.52±0.88b
	2.78±0.26bc
	1.02±0.16b
	0.74±0.15bc
	0.23±0.02b
	0.30±0.09b

	
	B3
	1.70±0.43bc
	2.10±0.46bc
	0.97±0.19b
	0.82±0.11b
	0.24±0.10b
	0.20±0.01c

	
	B4
	1.20±0.72c
	1.50±0.19c
	0.94±0.26b
	0.76±0.03bc
	0.10±0.08c
	0.19±0.02c

	NPK200



	B0
	2.98±0.77b
	3.32±0.12b
	1.07±0.24b
	0.90±0.06ab
	0.38±0.03ab
	0.35±0.02b

	
	B1
	2.83±0.16b
	3.09±0.35b
	0.99±0.16b
	0.86±0.06b
	0.34±0.02ab
	0.37±0.03b

	
	B2
	1.89±0.50bc
	2.64±0.90bc
	1.00±0.25b
	0.81±0.05b
	0.21±0.02b
	0.28±0.04bc

	
	B3
	1.70±0.40bc
	2.07±0.71bc
	0.99±0.25b
	0.83±0.05b
	0.21±0.03b
	0.22±0.02c

	
	B4
	1.28±0.51c
	1.83±0.46c
	1.06±0.24b
	0.82±0.04b
	0.14±0.00c
	0.25±0.03bc


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. Key: NPK = Chemical Fertilizer rates, B0= Forest soil (FS), B1= BS: FS at 10%, B2=20%, B3=30% and B4=40%.
6.3.2. Effects of NPK and biosolids rates on tomato fruits post-harvest qualities
a) Tomato fruit weight loss and firmness  

There was a general increase in tomato weight loss (%) with increasing days after harvest. Forest soil registered significantly (p<0.05) higher rate of water loss as from day 4 towards day 10, compared to other BS rates (Figure 6.1A). Interactive effect of the BS and NPK showed the lowest rate of weight loss especially on BS 10% combined with NPK 100 kg ha-1. On fruit firmness there was general decreases with increase in days after harvest. While the interactive effect of BS at 10% and NPK at 100 kg ha-1 was observed as the best rate of the substrate on tomato fruit firmness and this was consistent within the 10-days period in the shelf (Figure 6.1B).
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Figure 6.1A and B. Effect of NPK and biosolids rates on tomato weight loss and fruit firmness during storage at room temperature. Note: *Values represent means ± error bar
b) Total Soluble Solids

The TSS generally increased within the 10-days in the shelf (Figure 6.2 A). The combination of BS at 10% and NPK at 100 kg ha-1 was significantly higher than the control.  While BS rate alone were best at 30%, although not significantly different from the combination of BS and fertilizes aforementioned above. 

c) Titratable Acidity 

The results showed a general decrease in fruit Titratable acidity (TA) from different substrate rates. Titratable acidity was significantly higher on the fruits produced from substrate biosolids 20 to 40% and those blended with NPK 10g per pot compared to the rest of the substrates (Figure 6.2 B). This trend was consistent throughout the 10days of tomato postharvest. 
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Figure 6.2A and B. Effect of NPK and biosolids rates on total soluble solutes and titrable acidity during storage at room temperature. Note: *Values represent means ± error bar
6.3.3 Effects of NPK and biosolids rates on safety of tomatoes
a) Heavy metal 
The rates of biosolids substrate differently influenced the presence of heavy metals in the fruits. Rates of BS at 20% to 40% showed higher significance Zn, Ni, Cu, Cd, and Pb compared to the control, and BS at 10%. Nevertheless, all were still below the standard stipulated by the EPA (Table 6.7). The interactive effect of BS and NPK fertilizer reduce the amount of BS required for most of the post-harvest quality to biosolids rate of 10% and NPK 5g per pot. 
Table 6.7. Effect of NPK and biosolids rates on tomato heavy metal content (µg/kg) during production 

	
	
	µg∙kg-1

	NPK
	Biosolid
	Zn 
	Ni 
	Cu 
	Cd 
	Pb 
	Hg

	NPK0

	0%
	3.5±0.3c*
	3.1±0.1c
	3.5±0.3b
	2.3±0.1b
	5.0±0.3b
	0.0

	
	10%
	3.9±0.2bc
	3.4±0.1bc
	3.7±0.4b
	2.4±0.3b
	5.2±0.4b
	0.0

	
	20%
	4.7±0.2ab
	4.3±0.1ab
	4.8±0.5a
	3.2±0.3a
	6.0±0.3a
	0.0

	
	30%
	4.8±0.2ab
	4.5±0.2ab
	5.1±0.3a
	3.4±0.2a
	6.4±0.3a
	0.0

	
	40%
	5.1±0.2a
	4.9±0.2a
	5.3±0.5a
	3.5±0.4a
	6.6±0.2a
	0.0

	NPK100

	0%
	3.5±0.2c
	3.4±0.1bc
	3.8±0.7ab
	2.4±0.3b
	5.3±0.5b
	0.0

	
	10%
	3.7±0.4bc
	3.6±0.4bc
	3.8±0.5ab
	2.5±0.3b
	5.3±0.6b
	0.0

	
	20%
	4.1±0.3b
	3.6±0.4bc
	4.3±0.1ab
	2.5±0.4b
	5.6±0.1ab
	0.0

	
	30%
	4.2±0.2b
	4.0±0.2ab
	4.2±0.2ab
	2.8±0.1ab
	5.4±0.3ab
	0.0

	
	40%
	4.7±0.2ab
	4.5±0.3ab
	4.9±0.6a
	3.3±0.4a
	6.5±0.3a
	0.0

	NPK200

	0%
	3.5±0.3c
	3.5±0.2bc
	3.6±0.4b
	2.3±0.2b
	5.6±0.1ab
	0.0

	
	10%
	3.7±0.3bc
	3.6±0.4bc
	4.2±0.3ab
	2.8±0.2ab
	5.7±0.2ab
	0.0

	
	20%
	3.8±0.5bc
	3.9±0.4ab
	3.9±0.4ab
	2.6±0.2ab
	5.6±0.2ab
	0.0

	
	30%
	4.3±0.4b
	4.1±0.1ab
	4.7±0.4a
	3.1±0.2a
	5.8±0.3ab
	0.0

	
	40%
	4.4±0.4b
	4.2±0.1ab
	4.9±0.4a
	3.3±0.3a
	6.0±0.1a
	0.0

	
	EPAy
	200.0
	60.0
	100.0
	1.0
	150.0
	

	
	WHO/FAOZ
	100.0
	67.0
	  73.0
	0.2
	    0.3
	


*Means ± standard deviation followed by the same letter within a column are not significantly different according to Tukey’s test at p ≤ 0.05. yMaximum ceiling values of heavy metals (mg kg-1) for agricultural land application according to New South Wales EPA, (2000). ZSource z = Codex Alimentarius Commission FAO/WHO (mg kg-1) Food Additives and Contaminants. 2001. pp. 1–289
b) Microbial Load on tomato fruits

In the tomato fruit extracts the targeted bacteria; were Salmonella, Escherichia coli, Staphylococcus as food poisoning main contaminants associated with wastewater. As was observed in the biosolids substrates rates, the absence of the aforementioned bacteria, similar observation was made on the fruits grown on the biosolids substrates used in the greenhouse production; there was absence of those specified bacterial contaminants in the tomato (Table 6.8).

Table 6.8. Effect of NPK and biosolids rates on microbial contaminant after harvest 

	NPK
	Biosolid
	TVC

(PCA)
	CFU

(MAC)
	E. coli

(EMB)
	Salmonella

(BPA)
	Staphylococcus

(BPA)

	NPK0

	0%
	TNTC
	4.5
	-ve
	-ve
	-ve

	
	10%
	121x 10-6
	TNTC
	-ve
	-ve
	-ve

	
	20%
	NG
	NG
	-ve
	-ve
	-ve

	
	30%
	TNTC
	TNTC
	-ve
	-ve
	-ve

	
	40%
	77x10-6
	107.5
	-ve
	-ve
	-ve

	NPK100

	0%
	67x10-6
	20
	-ve
	-ve
	-ve

	
	10%
	TNTC
	48.5
	-ve
	-ve
	-ve

	
	20%
	6.5x 10-6
	6.5
	-ve
	-ve
	-ve

	
	30%
	5x10-6
	5
	-ve
	-ve
	-ve

	
	40%
	16x10-6
	113
	-ve
	-ve
	-ve

	NPK200

	0%
	TNTC
	TNTC
	-ve
	-ve
	-ve

	
	10%
	TNTC
	51
	-ve
	-ve
	-ve

	
	20%
	TNTC
	28.5
	-ve
	-ve
	-ve

	
	30%
	88x10-6
	44.5
	-ve
	

-ve
	-ve

	
	40%
	TNTC
	6
	-ve
	-ve
	-ve


Key: TVC- Total Viable Count, CFU- Colony Forming Units, EMB- Eosin Methylene Blue (E. coli), Mac- MaCconkey Agar, BPA- Bairvd Parker Agar (Staphylococcus sp), BPA- Bairvd Parker Agar (Salmonella sp). TNTC- Too Numerous to Count, No Growth, -ve = Absent. 

6.4 Discussion  
Consumers have become increasingly concerned about the safety and quality of food products they consume. The present study evaluated the effect of blended biosolids (BS) on postharvest quality of tomato. Various pre-harvest factors including plant nutrition are known to influence the phytochemical properties, which may improve postharvest quality of horticultural crops including tomato. Ilupeju et al. (2015) noted that pre-harvest factors including soil fertility influenced ascorbic acid content in tomato. 
a) Ascorbic acid 

Results from the present study have demonstrated that application of BS 10% combined with NPK at 100 kg ha-1 (NPK 5g per plant) produced fruits with higher ascorbic acid content. This was a contribution of the available nutrient and organic matter in both BS independently and also when NPK added to make a blended BS substrate. Taghavi et al. (2019) reported similar findings on the impact of fertilization and composts, on water and nutrient supply to the plant and its influence in the nutritional composition, higher ascorbic acid content on tomato fruit. Among the elements found in the substrates as earlier mentioned in chapter 3, boron and zinc were significantly higher in the FS and BS combined as a substrate at different rates, which subsequently enhanced quality to tomato fruits. Boron is among the very essential trace elements that plays a big role in the synthesis of the bases for RNA formation. It has also been shown to influence ascorbic acid content of tomato fruit (Taiz & Zeiger, 2002). The current study demonstrates that use of BS 10% and NPK 5g per pot demonstrated higher ascorbic acid content in tomato fruits. However, at BS 10% when the rate of NPK 5g per pot were doubled 10g in the substrate, ascorbic acid content declined. This could have been due to the antagonistic effect of these elements in excess in the BS substrate. A different study has shown that K, Mg and Ca can antagonize in nutrient solution when in excess (Bombiti, 2006). The antagonistic effect of increased Mg levels on the K uptake was reported to be due to differences in their ionic mobility (Jones, 1999). Similarly, high K concentrations in the nutrient solution may result in Mg deficiencies in the plant tissue and vice versa. In a similar argument, whenever Na dominates the media, K is normally over taken by the latter element and therefore may not be available for the growing crops. Reduction of ascorbic acid in the present work especially at higher rate of BS and NPK could also be related to higher N in the substrate, which is associated with more vegetative growth, which led to shading effect of tomato fruits. Development of ascorbic acid in tomato fruit also depends on exposure to light for its accumulation in fruits. In the current study this phenomenon was probably the reason for low content of ascorbic acid registered on fruits in higher rates of BS and NPK observed. 
b) Total phenolic content 
Phenolic acids are vital in defence response such as anti-aging, anti-inflammatory, anti-oxidants and other activities. The content of fruit phenolic acid in this study reflected nutritional characteristics of the different substrates tested. As common with many plant secondary metabolites, fruit phenolic acids are affected by different growth environments including soil properties; mineral nutrients, salinity, organic matter content and drought (Babalar et al., 2010). Sereme et al. (2016) reported that biosynthesis of polyphenols is positively influenced by the application of organic fertilizers. Similar observation was made in the work of Zoran et al. (2014), who reported phenolic content in tomato of 50.83 and 29.98 mg GAE/100g in fresh tomato from organic and mineral fertilizations, respectively. While Toor and Savage (2005) obtained lower phenolic content, an average of 12.7 mg GAE /100g from fresh tomato produce by use of organic amendments. Therefore, it appears the amount of phenolics in tomato produced in organic substrate depends also on the variety of tomatoes. 

c)  Beta-carotene
The present study reported higher content of β-carotene in BS at 30% without fertilizer and BS at10% combined with 5g NPK per plant. Carotenoids have been reported to possess provitamin A activity (Tang, 2010), a precursor of vitamin A essential for promotion of general growth, maintenance of visual function (Gogo et al., 2016), and N being one of the essential elements for their production. The present study demonstrated that β-carotene content reduced as BS increased beyond 10% and similarly when the rate of NPK was doubled to 10g per plant. Similarly, lower β carotene content in fruits was observed from forest soil blended with BS at 10% and 20% substrate without NPK. This was probably due to lower N, P and K in different rates of substrate as was indicated in chapter 3. In line with current results, Bojović and Stojanovic (2005) demonstrated that carotenoid content depends on the presence and ratio of N as one of the most essential elements and its deficiency was reported to reduce accumulation of carotenoids in tomato fruits. The present study is in also conformity with the work reported by Khavari-Nejad et al. (2012) on the reduction of β carotene in tomato due to deficiency of N and P deficiency. However, López-Ráez and Bouwmeester (2008) reported another scenario that P starvation can induce changes in gene expression of some carotenoids including β carotenes and compounds derived from them in tomato roots. This probably was the cause of low β-carotene on the BS substrate at 10% and 20% and similarly at higher rates combines with NPK fertilizer, which might have induced salt stress (chapter 5).
d) Lycopene content

Plant nutrition as a preharvest factor has been known for carotenoid development leading to high lycopene content in tomatoes. Lycopene content plays a key role in tomato appearance and attractiveness to consumer, a part from its immense health benefits (Karimi et al., 2011). Deeper red colour in tomato is an indication of predominant existence of lycopene which an important antioxidative compound (Pek & Halyes, 2010). Tomato fruit lycopene content generally increased in all the substrates with days on the shelf, indicating that the fruit accumulated more of this important secondary metabolite, with progression in shelf-life. In regards to the current study, BS at 10% to 30%, and interactive effect of BS at 10% and 5g of NPK per plant resulted in increase of lycopene content, which consistently increased within 10 days of tomato post-harvest period. Biosolids consist of humic acids after degradation, and is able to release plant nutrients by decomposition (chapter 3). Higher nutrient content in the biosolids probably enhanced soil moisture status and nutrient availability such as N, P, K, Mg, B Zn, Cu and Mo (Chapter 3), leading to biosynthesis of carotenoids which are responsible for tomato fruit colour especially lycopene. In particular, Molybdenum has immense physiological function in tomato plant, helping in fixation and assimilation of N. It is also reported to have a positive effect on carotenoid formation leading to synthesis of lycopene in fruits.
e) Chlorophyll content

Chlorophyll content in a tomato fruit is normally affected by pre-harvest factors, of which the main one is nutrition. At post-harvest the chlorophyll content may not increase but degrade into chromoplast which, eventually turn into carotenoids as reported by Hell and Stephan, (2003). Thus, in the present study, the total chlorophyll of tomato decreased with storage days as were significantly influenced by biosolids rate as well as NPK fertilizer. The present results demonstrated that at harvest, there was higher chlorophyll in fruits produced at BS rates of at 20% to 40%, than FS. This implied there was higher N in organic in the substrate rates as reported by in chapter 3. While on substrate with 5g of NPK, only BS at 10% showed significantly higher chlorophyll a and b. the present study has demonstrated that combination of forest soil and biosolids as substrate may not only contribute to organic matter but also Mg, Fe, Cu and Zn in the nutritional pool. Magnesium and iron are essential mineral elements for plant growth and also the development of cell structural component. Iron in particular ranges at the upper limit of the micronutrient category with approximately 2 μmol/g plant dry weight and plays an important role as an activator of many biochemical and enzymatic processes as also reported by Hell and Stephan (2003). In regards to the current study, Cu and Zn were found to be in sufficient quantity in BS at 10% combined with NPK at 100 kg ha-1. This probably resulted to the higher plant chlorophyll content as observed in the study. The current results are in agreement with Alves et al. (2018), who demonstrated that concentration of organic fertilizer in the soil and their association with doses of biofertilizer influenced the gas exchange and SPAD chlorophyll content in tomato plants. 
f) Fruits weight loss
The present study has demonstrated the benefits of using BS at 10% and with 100 kg ha-1 of NPK fertilizer in improving the post-harvest quality of tomato fruits in terms of weight loss reduction as influenced by the use of BS. Weight loss and fruit firmness were influenced by use of BS and NPK fertilizer Calcium plays a crucial role in cell division and the maintenance of cell permeability and cell wall integrity, all of which may directly influence factors such as firmness and shelf-life (Fotouhi et al., 2007). These results are also inconsistence with Nyamah et al. (2012) who reported that Calcium improve cell membrane integrity, thus lead to reduction in fruit water loss and consequently weight loss. 

g) Fruit firmness

Fruit firmness may be considered side by side with fruit weight loss since they are affected by plant cell wall integrity. This may have been due to the presence of Ca as indicated to be within the range of pH 6.2 to 7 as reported by Taiz & Zeiger (2002). The results of the current study are in conformity with study by Otieno et al. (2017), who reported that higher rates soil Lippia kituensis Vatke and Ocimum gratissimum L. used as substrate organic amendment produced tomato with firm fruits compared to the lower rates of organic amendments used. Firmness of fruits goes together with water loss and nutrients. In the present study, weight loss was reduced by use of biosolids at higher rates with doubled NPK fertilizer rate and this was probably due to sault stress in the substrate (chapter 5). 
 h) Fruit total soluble solutes
Biosolids are rich in N and organic matter which holds the mineralized plant nutrients together in a substrate. Addition of NPK availed N in the current study which played a significant role in photosynthesis, hence production of carbohydrates and subsequently sugar formation during ripening of fruits. The current results conform with Beckles (2011) who reported that chlorophyll and carotenoid content formation at the vegetative stage of the crop may contribute to the quality of tomato at post-harvest, leading to higher fruit TSS. In regards to the present study, Wang et al. (2007), confirmed decrease of TSS with increasing N concentration in the substrate due to salt stress situation and antagonism among the major plant element especially in the higher BS rates blended with double NPK fertilizer. 

i) Titratable acidity
Application of BS at 20% to 40% blended with 100 kg ha-1 of NPK resulted in increased TA, and this was indicative of salt stress with elevated EC of the substrate. Mardi et al. (2002) reported similar observations. Contrary to the findings of the present study, Tzortzakis & Economakis (2008) observed a reduction of TA in tomato production with use of perlite, pumice and their mixtures compared with pure soil treatments. However, this phenomenon may be alluded to the fact that soilless substrate normally has narrow range of buffering capacity as opposed to soil-based substrate, and this may lead to essential and trace element deficiency for crop quality. In a different study, Fathy et al. (2010) reported that when humic acid was applied to an apricot crop, led to an increase in the content of TSS and decreasing fruit acidity. 

j) Heavy metals

The heavy metal concentration in fresh commodities has been a subject of great concern to consumers. Several factors such as metal concentrations in soils, soil pH, cation exchange capacity, organic matter content, types and varieties of crops have been reported to affect the uptake of heavy metals (Manzoora et al., 2018). It is generally accepted that the metal concentration in soil is the dominant factor as far as residues are concerned (Jung, 2008). The concentration of heavy metals in plants is often positively correlated with the abundance of these elements in soils or substrate. In the present study, it was observed that at BS at 30% without fertilizer and BS at 10% with 100 kg ha-1 of NPK are suitable rate of crop production. This also registered concentration of heavy metals below the maximum allowable limit, according to standards of New South Wales, EPA, (2002). These were Zn (3.7 µg kg-1), Ni (3.6 µg kg-1), Cu (3.8 µg kg-1), Cd (2.5 µg kg-1) and Pb (5.3 µg kg-1). The present results are in conformity to those of Bagdatlioglu et al. (2010), who demonstrated that the concentrations of Cu, Zn, Fe, Pb, and Cd, within safety baseline; Cd (0.1 mg g-1), Pb (0.2 mg g-1), As (0.1 mg g-1), Hg (0.03 mg-1), Cu (40 mg kg-1), Zn (0.60 mg kg-1), Fe (5.0 mg kg-1). As various studies have shown, not all heavy metals pose risks in crop production systems. Some heavy metals are useful in plant physiological processes especially Zn, Cu and Ni are physiologically important in planta (Bagdatlioglu et al., 2010). For instance, enzymes in plant need Zn for their activity and it may also be required for chlorophyll biosynthesis in other plants (Taiz & Zeiger, 2002). Copper, like Fe is also associated with enzymes involved in redox reactions such as plastocyanin, which is involved in electron transfer during the light reaction of photosynthesis (Tchounwou et al., 2014). Nickel is another heavy metal that plays a key role in the production of secondary plant metabolites that influence resistance to diseases (Gad et al., 2007), most of which were demonstrated to be present in the tested BS substrate. 
k) Microbial Load on tomato fruits
The results on microbial contamination of the tomato fruits produced in this study indicated the absence of the targeted microbes. This was not surprising because previous analyses had shown that targeted microbes Salmonella sp., Escherichia coli and Staphylococcus sp were absent in all the dry BS substrates (chapter 3). The absence of microbial contaminants can be explained from the fact that microbe community in biosolids are faecal in nature, most being parasite on animals, therefore survival in the plant system was not possible except by external contamination. Additionally, they are heat-sensitive, and their survival may have been reduced during decomposition, solarization and storage of the substrate for six months before planting crops. Strauch (1991) also reported reduction of Salmonella, Shigella, Streptococci and Escherichia coli) in sludge during decomposition. Concerning decrease in faecal contamination, De´portes et al. (1998) reported disappearance of faecal pathogens, when biosolids were left before use over period of one year. This probably rendered the BS substrates used in this study free from targeted pathogen in the tomato fruits produced by the use of substrate. 

6.5 Conclusion

Based on data from the present study, use of biosolids blended in forest soil and 5g of NPK per plant, is a viable means of improving greenhouse tomato postharvest quality. Biosolids at the rates used can improve substrate status; a practice, which may also be used in integrated nutrient management strategies. This work has revealed that for safe production of quality tomato fruit, forest soil blended with BS 10% and 5g per plant of NPK resulted in fruits with higher postharvest quality.

CHAPTER SEVEN

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS
7.1 General Discussion 
Tomato is an important source of bioactive compounds such as vitamins, carotenoids and phenolic compounds with known beneficial health effects (Afzal et al., 2013; Olaniyi et al., 2010; Puneka et al., 2017). Despite the fact that Kenya is well placed in the tropical Africa in terms of agricultural production, tomato production faces myriads of challenges ranging from nutrition, pest, diseases and unpredictable weather from global warming. In this regard, small-scale farmers have been trying to embrace greenhouse production systems to mitigate these challenges. To achieve some of these goals numerous endeavours have been made to produce substrates for container-grown crops, using substrate mixes, get appropriate media for crop growth, yield and quality. The present study evaluated the physico-chemical and biological characteristics of biosolids (BS) to determine its suitability for crop production as a substrate.  The results indicated that application of biosolids increases organic matter and may possibly reduce use of mineral fertilizers.  The use of biosolids for crop production may be a sustainable waste management strategy. Hence, the notion of fertilizers as the best option has reduced the use of organic nutrient sources in the expense of soil health. This study therefore reveals that the use of biosolids in tomato production could not only boost the greenhouse tomato production but also reduce pollution from unmanaged wastes from organic ponds.

The current study has also shown that biosolids contain sufficient amount of organic matter, ToN, ToC which can improve soil physico-chemical and biological properties of the substrate for crop production, while heavy metals were within the allowable range, though it depends on the source. From this work it is well known that biosolids contain higher level of heavy metals and trace elements (Mn, Cu. Zn, Ni Fe, B and Mo), some of which are of immense contribution in plant physiology.  Many plant enzymes need Cu, Zn, Fe and Mn for their physiological functions and some may also be required for chlorophyll biosynthesis (Taiz & Zeiger, 2002).  Liming may be a good option for adjusting the pH of biosolids substrate because of increased acidity but this may depend on the previous process involved in the substrate preparation (Andika & Ngamau, 2009; Cox. 2011). In some cases, it is preferable that liming be done along the biosolids treatment process before collection and dewatering (Mtshali et al., 2014). Generally, the use biosolids as substrate for crop production requires comprehensive testing before application in crop production. However, more studies are necessary on various test crop, grown in potted substrate. There is also need to do comprehensive bioassay analysis on crop produced from the substrate. This work was very useful in bridging the gap for challenges affecting greenhouse tomato production. Finally, the use of biosolids is envisaged as a potential nutrient source. However, it is essential to note that in the process of such innovations, some concerns such as crop yield, quality alterations and toxicity levels of heavy metals must be considered as priority (Hargreaves et al., 2008).
The current experiment exhibited a positive trend on the impact of biosolids in the tomato transplant production. Organic matter in biosolids is considered the key controller and indicator of soil fertility due to its impact on soil chemical, physical, and biological properties (Oldfield et al., 2017).  As was observed in the current study, biosolids increased, aeration and water holding capacity, provides habitat for soil organisms that fuel nutrient cycling, retained and provided critical nutrients for crop productivity (Pauscal et al., 2018). Therefore, the role of OM in supporting and sustaining soil as critical resource and has gained increased attention for more research.  Quality transplants production were achieved in the BS rate of 30% mixed with forest soil, hence this was recommended as best rate, on the principle of having demonstrated optimal physical properties, favourable bulk density range (1.3 -1.6) g cm-3) water, capable of supporting plant growth and development. This study has also revealed the presence of N, P, K, Mg whose roles in crop development production was demonstrated, besides other micro-elements that played a vital role in transplant production.  
Tomato requires at least twelve nutrients, also called “essential elements”, for normal growth and development. These are nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), boron (B), iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), and molybdenum, (Sainju et al., 2003). Without these elements, tomato cannot grow properly or bear fruits. The current study endeavoured to test different rates of biosolids in forest soil to produce good yield. The study showed that application of biosolids increases tomato biomass and thereby may be useful in production of tomato as a potted greenhouse crop. Since it may not fully replace fertilizer due to high nutritional demand of tomato, combination with NPK was necessary. This study has shown that biosolids can reduce the normal dose of fertilizer necessary for greenhouse production. Overall, growing substrate amended with 10% of BS amendments, produced plants with suitable growth characteristics, however, only 30% met commercially acceptable standards with robust and healthy crop. From a grower’s point of view, feasibility for the adoption of any production system or technique is often driven by cost of production; therefore, use of BS tested in this study may be economically viable. In this study, there were more beneﬁts to incorporation of BS amendments in organic-based substrate than using plain fertilizer. This was more pronounced in the tomato qualities based on secondary metabolites. Thus, BS organic amendment, together with FS, has the potential to serve as nutrition supplements for sustainable greenhouse tomato production.

The current study also tested the postharvest quality and safety of tomato produced using biosolids as a substrate, to confirm their fitness for consumption. This study has demonstrated significant evidence in the reality of using biosolids as an organic substrate. In line with recent reports it was found that plants exposed to high levels of stress factors such as a high concentration of heavy metals could increase the biosynthesis of antioxidants, like phenolic compounds, to counteract the harmful effects of the environment (Hashem et al., 2016; Márquez-García et al., 2012). Tomato fruits are rich in anti-oxidant compounds, beneficial for human health. Horticultural practices can influence the concentration of these secondary metabolites. Thus, biosolids amended soils may provide a valuable source of plant nutrients and organic matter known to enhance quality in tomato fruits. From this study, it has also been demonstrated that heavy metals are easily accumulated in the edible parts of leafy vegetables (Mapanda et al., 2005). However, their bioavailability to plants is strongly related to the concentration and specification of the element in the soil solution because this is where the plants get the heavy metals that they take up. The other factors include pH and the redox potential within the soil or the root system. Nevertheless, the status of the substrate will therefore show the fate of each mineral absorbed by crop in the substrate. 
Generally, land application of biosolids and manure is an essential part of environmentally and economically sound waste management practices and long-term sustainability in agricultural production. However, residual antibiotics in these organic waste products may pose a potential risk to human and livestock health through direct ingestion or exposure to antibiotic resistant (ABR) pathogens. In regards to the present work and based on findings of Youngquist (2014), it is demonstrated here that using environmentally relevant levels of biosolids with antibiotics residues, consumption of plant tissue produced from biosolids substrate, would likely have a negligible impact on human health. In conformity to the present study, his work also confirms that Thermophilic composting drastically reduced the levels of extractable antibiotics. Solarization of the biosolids at an average temperature of 68 °C in the present study was sufficient enough to eliminate the activities of antibiotics and hormonal contaminants. This clears the controversy that would occur in relation to hormones and their associated endocrine activity during biosolids treatment processes. In concurrence with another study, Combalbert et al. (2013) demonstrated that antibiotics and steroid hormones were recalcitrant to biodegradation under anaerobic conditions in both mesophilic and thermophilic temperatures. This suggests that the aerobic pre-digestion could favour the further elimination of hormones in the whole process. Nevertheless, this requires more study beyond the scope of this work. 
   7.2 Conclusions 
Based on the objectives and results of this study, the following conclusions can be derived:
i). Biosolids from Egerton University wastewater treatment ponds is suitable as a crop substrate in terms of its biological and physiochemical properties. 
ii). Incorporation of biosolids into forest soil at the rate 30% (v/v) and below enhances seedling emergence, growth and quality of transplants.
iii). Forest soil blended with Biosolids at 30% without fertilizer or at 10% combined with NPK fertilizer at 100 kg ha-1 significantly influence the growth and yield of greenhouse tomato. 
iv). Forest soil blended with Biosolids at 30% without fertilizer or at 10% combined with NPK fertilizer at 100 kg ha-1 has significant impact on the postharvest quality and safety of greenhouse tomato.
There is potential for using blended biosolids substrate as a viable means of improving greenhouse tomato postharvest quality of higher on β-carotene, lycopene, ascorbic acids, total phenolic acids, and total soluble solids respectively. However, heavy metal residues were within the permissible level, according to International EPA standards on biosolids utilization on food crops production. Similarly, no trace of targeted bacteria; Salmonella, Escherichia coli, Staphylococcus was observed on the ready to eat tomato 
7.3 Recommendations
i) Biosolids up to the limit of 30% (v/v) can be mixed with forest soil as substrate for crop production after comprehensive laboratory analysis. Addition of biosolids beyond 30% may increase soil EC and decrease pH. 

ii). Biosolids up to the limit of can be mixed with forest soil up to the limit of 30% (v/v) or a ratio of 3:10 (biosolids: forest soil) can be adopted for tomato transplants production. 
iii). Forest soil blended with Biosolids at 30% without fertilizer or at 10% combined with NPK fertilizer at 100 kg ha-1 should be used as substrate for enhanced growth and yield of greenhouse tomato. 
iv). Forest soil blended with Biosolids at 30% without fertilizer or at 10% combined with NPK fertilizer at 100 kg ha-1 should be utilized as substrate greenhouse tomato for improved postharvest quality of higher on β-carotene, lycopene, ascorbic acids, total phenolic acids, and total soluble solids respectively and safety of tomatoes.  

Policy recommendations

Based on the results and findings of this study it has been revealed that treated biosolids are suitable for the crop production when used as a potted substrate. Forest soil blended with Biosolids at 30% without fertilizer or at 10% combined with NPK fertilizer at 100 kg ha-1 significantly influence the growth and yield of greenhouse tomato. This work has proven that biosolids is a potential resource, able to enhance food security in Kenya. However, this work does not recommend use of untreated biosolids in an open field for crop production, because of the consequences in surface runoff and contamination of ground the waters. On the same note, the use of biosolids in this case must be in a confined environment with check on leakage to the surrounding environment. The samples applied in containerized production systems should be tested comprehensively, and the source must be predetermined as domestic effluent. This work recommends that the government put in place strong monitoring devise to help in cabbing the unchecked use of sludge instead of biosolids (treated sludge). When determining biosolids as fertilizer application, analysis of the rates of organic nitrogen mineralization should be performed in order to avoid build-up of excess nitrate-nitrogen. Nitrate-nitrogen not taken up by plants may contribute to excess fertilization and leaching. When applying biosolids, soil phosphorus levels should be monitored and application rates adjusted to correspond to crop phosphorus rather than nitrogen needs. From the findings of this work the Government needs to consider how to recycle this important farm resource through both the Ministry of Agriculture and Environment and natural resources.
7.4. Areas for Further Studies
While the study lays a good foundation for improving greenhouse tomato performance, further studies using other organic sources as amendments and various greenhouse tomato varieties could be useful to ascertain the outcome of our results. More studies may be necessary on various test crops as potted substrate and comprehensive analysis to be carried out on plant response and biosafety of these agricultural food products.
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APPENDICES
Appendix A. Selected ANOVA 
Objective 1: Chemical characteristics of biosolids from Egerton University waste water treatment plant

a. Nitrogen

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	26
	346.5
	
	
	

	Block
	2
	2.2
	
	
	

	Biosolid
	8
	306.7
	38.3
	16.3
	<0.0001

	Error
	16
	37.6
	2.4
	
	


b. Phosphorus

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	26
	14127.7
	
	
	

	Block
	2
	54.3
	
	
	

	Biosolid
	8
	13267.2
	1658.4
	32.9
	<0.0001

	Error
	16
	806.1
	50.4
	
	


1. Heavy metal characteristics of biosolids from Egerton University waste water treatment plant

a. Lead

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	26
	29719.2
	
	
	

	Block
	2
	4.4
	
	
	

	Biosolid
	8
	29515.3
	3689.4
	295.8
	<0.0001

	Error
	16
	199.6
	12.5
	
	


b. Cadmium

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	26
	274.7
	
	
	

	Block
	2
	0.15
	
	
	

	Biosolid
	8
	264.1
	33.0
	51.0
	<0.0001

	Error
	16
	10.4
	0.64
	
	


2. Macro-element characteristics of the substrate’s mixtures

a. Potassium

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	26
	210218.4
	
	
	

	Block
	2
	123.4
	
	
	

	Biosolid
	8
	209044.9
	26130.6
	398.1
	<0.0001

	Error
	16
	1050.2
	65.6
	
	


b. Calcium

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	26
	1482.0
	
	
	

	Block
	2
	76.2
	
	
	

	Biosolid
	8
	1262.3
	157.8
	17.6
	<0.0001

	Error
	16
	143.5
	9.0
	
	


3. Micro-element characteristics of the substrates

a. Iron

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	26
	29858575.4
	
	
	

	Block
	2
	185.5
	
	
	

	Biosolid
	8
	29853384.9
	3732673.1
	11929.0
	<0.0001

	Error
	16
	5005.2
	312.8
	
	


b. Zinc

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	26
	5716.8
	
	
	

	Block
	2
	2.2
	
	
	

	Biosolid
	8
	5665.1
	708.1
	229.0
	<0.0001

	Error
	16
	49.5
	3.1
	
	


4. Heavy metal characteristics of the substrates

a. Copper

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	26
	280.3
	
	
	

	Block
	2
	0.25
	
	
	

	Biosolid
	8
	270.7
	33.8
	56.7
	<0.0001

	Error
	16
	9.5
	0.6
	
	


5. Physico-chemical properties of the substrates

a. Bulk density

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	35
	0.79
	
	
	

	Block
	3
	0.01
	
	
	

	Biosolid
	8
	0.76
	0.10
	95.0
	<0.0001

	Error
	24
	0.02
	0.001
	
	


b. Electrical conductivity

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	35
	33.7
	
	
	

	Block
	3
	0.11
	
	
	

	Biosolid
	8
	32.5
	4.1
	90.8
	<0.0001

	Error
	24
	1.1
	0.04
	
	


c. Moisture content

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	35
	2182.9
	
	
	

	Block
	3
	473.3
	
	
	

	Biosolid
	8
	1472.7
	184.1
	18.7
	<0.0001

	Error
	24
	236.9
	9.9
	
	


d. pH

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	35
	20.8
	
	
	

	Block
	3
	0.13
	
	
	

	Biosolid
	8
	19.7
	2.5
	60.2
	<0.0001

	Error
	24
	0.98
	0.04
	
	


Objective 2: Optimization of biosolids-forest soil potting mixture for tomato transplant production
a. Plant height 28 DAP

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	35
	390.0
	
	
	

	Block
	3
	11.4
	
	
	

	Biosolid
	8
	259.5
	32.4
	6.5
	0.0002

	Error
	24
	119.0
	5.0
	
	


b. Leaf number 28 DAP

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	35
	22.8
	
	
	

	Block
	3
	0.09
	
	
	

	Biosolid
	8
	18.5
	2.3
	13.2
	<0.0001

	Error
	24
	4.2
	0.18
	
	


c. Collar diameter 28 DAP

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	35
	20.6
	
	
	

	Block
	3
	0.68
	
	
	

	Biosolid
	8
	15.2
	1.9
	10.0
	<0.0001

	Error
	24
	4.7
	0.20
	
	


d. Chlorophyll content 28 DAP

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	35
	
	
	
	

	Block
	3
	
	
	
	

	Biosolid
	8
	
	
	
	<0.0001

	Error
	24
	
	
	
	


e. Root volume 

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	35
	45.6
	
	
	

	Block
	3
	9.3
	
	
	

	Biosolid
	8
	28.7
	3.6
	11.3
	<0.0001

	Error
	24
	7.6
	0.3
	
	


Objective 3: Influence of biosolids-blended forest soil and npk fertilizer on growth and fruit yield of greenhouse grown tomato  
a. Leaf number S1 41 DAT

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	59
	84.1
	
	
	

	Block
	3
	10.4
	
	
	

	Biosolid
	4
	12.4
	3.1
	6.5
	0.0004

	NPK
	2
	3.2
	1.6
	3.3
	0.045

	Biosolid*NPK
	8
	38.1
	4.8
	10.0
	<0.0001

	Error
	42
	19.9
	0.47
	
	


b. Plant height S1 41 DAT

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	59
	
	
	
	

	Block
	3
	334.7
	
	
	

	B
Biosolid
	4
	2346.9
	586.7
	33.4
	<0.0001

	NPK
	2
	555.2
	277.6
	15.7
	<0.0001

	Biosolid*NPK
	8
	1181.5
	147.7
	8.4
	<0.0001

	Error
	42
	738.6
	17.6
	
	


c. Fruit number S1 

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	59
	17153.0
	
	
	

	Block
	3
	1470.5
	
	
	

	Biosolid
	4
	2764.9
	691.2
	6.5
	0.0090

	NPK
	2
	1129.4
	564.7
	5.3
	0.0004

	Biosolid*NPK
	8
	7293.4
	911.7
	8.5
	<0.0001

	Error
	42
	4494.8
	107.0
	
	


d. Fruit Weight S1 

	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	59
	642.1
	
	
	

	Block
	3
	29.5
	
	
	

	Biosolid
	4
	111.5
	27.9
	12.0
	0.0032

	NPK
	2
	30.8
	15.4
	6.6
	<0.0001

	Biosolid*NPK
	8
	372.5
	27.9
	12.0
	<0.0001

	Error
	42
	97.8
	2.3
	
	


Objective 4: Impact of biosolids- blended forest soil and npk fertilizer on postharvest quality and safety of potted greenhouse tomato
a. Ascorbic acid 10 DAH
	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	59
	32186.3
	
	
	

	Block
	3
	11299.3
	
	
	

	Biosolid
	4
	1490.2
	372.6
	2.5
	<0.0001

	NPK
	2
	1893.8
	946.9
	6.3
	<0.0001

	Biosolid*NPK
	8
	11184.7
	1398.1
	9.3
	<0.0001

	Error
	42
	6318.3
	150.4
	
	


b. Lycopene 10 DAH
	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	59
	320.6
	
	
	

	Block
	3
	10.7
	
	
	

	Biosolid
	4
	101.2
	25.3
	21.8
	0.0041

	NPK
	2
	7.5
	3.7
	3.2
	0.0587

	Biosolid*NPK
	8
	152.5
	19.1
	16.4
	<0.0001

	Error
	42
	48.8
	1.2
	
	


c. TSS 10 DAH
	Source
	Degree of Freedom
	Sum of Squares
	Mean Square
	F Value
	P Value

	Total
	59
	104.7
	
	
	

	Block
	3
	16.3
	
	
	

	Biosolid
	4
	52.9
	13.2
	36.2
	<0.0001

	NPK
	2
	3.5
	1.8
	4.8
	0.0129

	Biosolid*NPK
	8
	16.8
	2.1
	5.7
	<0.0001

	Error
	42
	15.3
	0.37
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Appendix B: Research Permits
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Suitability of biosolids from university sewage ponds
as a substrate for crop production

Peter Caleb Otieno’, Samuel Nyalala and Joseph Wolukau

Department of Crops, Horticuture and Soils, Egerton University, P. O. Box 536-20115, Egerton, Kenya.
Recsived 5 une, 2010; Accepled 3 Oclober, 2010

Currently, sewage waste management s a serious environmental problem and one of the major
growing concens for urban areas all over the world. Utiization of biosolids (BS) for crop production
may be a sustainable waste management strategy. The present study evaluated the physico-chemical
and biological characteristics of biosolids from sewage ponds at Egerton University, Kenya. This was
to determine its suitability for crop production. Biosolids were evaluated separately then as mixture
with forest soil at rates of 0, 10, 20, 30, 40, 50 and 60% and compared with tea compost (TC) and coco
peat (CP) in a completely randomized design experiment with four replications. Data collected included:
macro-clements, micro-clements, heavy metals, pH, electrical conductivity (EC), bulk density (BD),
water holding capacity and biological properties. Results showed that total organic carbon (0.03%),
total organic nitrogen (2.0%) and Molybdenum (22 mg kg'), in biosolids were significantly (p < 0.05)
higher compared with forest soil, but not significantly different from tea compost. For heavy metals,
Hg (0.33 mg kg™), As (5.9 mg kg™), Cr (31.1mg kg™), Cd (0.38 mg kg™), Ni (16.3 mg kg™) and Zn (127 mg
kg") were significantly (p < 0.05) higher in biosolids but within the allowable limits according to
Environmental Protection Agency (EPA) standards. bulk density (1.2 to 1.5) g cm-3 and pH (5.4 to 5.8)
units, but high organic matter (195 to 230) g kg1, water holding capacity (35 to 42 %) and EC (2.6 t0 5.4)
Sm-1). For microbial load, total viable count (TVC) and colony forming units (CFU) registered 5 x10-7
and 6.5x10.7 respectively. However, Escherichia coli, Salmonella sp. and Staphylococcus sp. were not
detectable in the fully composted biosolids. Similar trend of these results were subsequently observed
in the substrates formed in the mixture of biosolids and forest soil and this provide insight on the
potential of biosolids as substrate for crop production and a reliable alterative to soil alone.

Key words: Biosolids, forest soil, organic amendment, substrate




[image: image51.png]AHS

Advancesin Hortiuitural Scence:

“Corresponding author:
peotieno@egerton.acke

Citation:
OTIENOP.C, NYALALA'S, WOLUKAU J,, 2020 -
Optimization of biosolids as a substrate for toma-
to transplant production. - Adv. Hort. Sd., 34(2):
313323

Copyright:
©20200tieno P.C., Nyalalas., Wolukeu J. Thisis
an open access, peer reviewed article published
by Firenze University Press

Optimization of biosolids as a substrate
for tomato transplant production

P.C. Otieno ™, . Nyalala, J. Wolukau
Department of Crops, Horticulture and Soils, Egerton University, PO Box
536-20115, Egerton, Kenya.

Key words: biosolids, quality, seedling growth, Solanum lycopersicum L., sub-
strate, tomato.

Abstract: The need to recycle waste and increasing pressure against peat
extraction and importation, have led to increasing interest in substituting peat
with organic wastes. Use of biosolids substrate would be a low cost alternative
substrate to peat for commercial production of transplants. The objective of
this study was to determine the effect of biosolids-forest soil mixture ratios on
tomato ‘Maxim F1’, transplants emergence and growth. A randomized com-
plete block design with four replications was used in this study. The treatments
were: biosolids (BS) mixed with forest soil (FS) at rates of 0% 10%, 20%, 30%,
40%, 50% and 60% (v/v), tea compost (TC) and coco peat (CP). Five tomato
seeds were planted in four 250 cm? pots, grouped into four to form an experi-
mental unit. Results showed that biosolids (BS) at rate of 30% registered signifi-
cantly (p<0.05) higher seedling emergence (94%), leaf numbers (4.5), height
(165 cm), collar diameter (6.3 mm), chlorophyll content (25 index units), root
volume (2.0 cm?) and root/shoot dry matter (10.2 % and 16.3%, respectively)
than the rest of the substrates except tea compost (TC). Sodium was significant-
ly (p < 0.05) higher in BS at rates of 50% (350 mg kg) and 60% (376 mg kg*) and
this raised EC (4.5) and lowered pH of the media to 4.4. At 30% BS enhanced
tomato transplant production to similar level as tea compost, hence recom-
mended for commercial use.
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Appendix D. Conference Papers

Peter Caleb Otieno*, Samuel Nyalala and Joseph Wolukau. Biosolids-Forest soil mixture Blended with NPK Fertilizer as substrate for Growth and Yield of Greenhouse Tomato Egerton University, Department of Crops, Horticulture and Soils, P.O. Box 536-20115, Egerton, Kenya. Rongo University 2nd International Multidisciplinary Research Conference 12th – 16th August 2019.

Peter Caleb Otieno*, Samuel Nyalala and Joseph N. Wolukau. Impact of Blending Biosolids-Forest Soil with NPK Fertilizer on Postharvest Quality and Safety of Greenhouse Tomato (Solanum lycopersicum L.). Egerton University, Department of Crops, Horticulture and Soils, P.O. Box 536-20115, Egerton, Kenya. Sixth (6th) Chuka University International Research Conference from 6th to 8th November 2019. Oral presentation Conference papers.
P.C. Otieno*, S. Nyalala and J. Wolukau. Optimization of Biosolids as a Substrate for Tomato Transplant Production, 1Egerton University, Department of Crops, Horticulture and Soils, P.O. Box 536-20115, Egerton, Kenya. Sixth African Higher Education Week and Ruforum Biennial Conference 21-26th October 2018 Nairobi Kenya. 
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Chart1

		Soil (control)		0.0067144124		0.0067144124

		Biosolid 10%		0.0644130292		0.0644130292

		Biosolid 20%		0.1777246622		0.1777246622

		Biosolid 30%		0.1460863757		0.1460863757

		Biosolid 40%		0.0943355909		0.0943355909

		Biosolid 50%		0.1205395463		0.1205395463

		Biosolid 60%		0.0959317664		0.0959317664

		Tea compost		0.1095087122		0.1095087122

		Coco peat		0.0082434036		0.0082434036



Substrates

Root volume (cm3)

c

c

b

a

b

b

b

a

c

0.0550833333

0.19175

0.8703333333

1.978125

0.8175

0.7044666667

0.7490916667

1.8416916667

0.07075



Plant height

		Growing media		14 days		21 days		28 days

		Soil (control)		5.7		8.7875		10.00625		0.5099019514		0.394493346		0.3749305491

		Biosolid 10%		6.4		9.7		11.28125		1.1979148551		1.4497126152		2.1233204147

		Biosolid 20%		6.5		11.275		12.75625		0.3488074923		0.3796928583		0.247802845

		Biosolid 30%		9.2375		14.125		16.09375		0.6420994212		0.8770214745		1.2792209543

		Biosolid 40%		6.05		9.4375		10.56875		0.8736894948		1.9665430752		2.2774597508

		Biosolid 50%		6.1875		10.6		12.34375		1.7427827365		2.4234960972		2.6077908115

		Biosolid 60%		6.1375		11.4625		13.10625		0.6799203385		2.4924469235		2.2757210396

		Tea compost		7.9375		11.3375		12.79375		0.6823672032		1.0570201827		0.928119739

		Coco peat		3.7875		4.8125		5.64375		0.3497022543		0.1600781059		0.2809025632





Plant height

								0.5099019514		0.5099019514		0.394493346		0.394493346		0.3749305491		0.3749305491

								1.1979148551		1.1979148551		1.4497126152		1.4497126152		2.1233204147		2.1233204147

								0.3488074923		0.3488074923		0.3796928583		0.3796928583		0.247802845		0.247802845

								0.6420994212		0.6420994212		0.8770214745		0.8770214745		1.2792209543		1.2792209543

								0.8736894948		0.8736894948		1.9665430752		1.9665430752		2.2774597508		2.2774597508

								1.7427827365		1.7427827365		2.4234960972		2.4234960972		2.6077908115		2.6077908115

								0.6799203385		0.6799203385		2.4924469235		2.4924469235		2.2757210396		2.2757210396

								0.6823672032		0.6823672032		1.0570201827		1.0570201827		0.928119739		0.928119739

								0.3497022543		0.3497022543		0.1600781059		0.1600781059		0.2809025632		0.2809025632
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Leaf number

		Growing media		14 days		21 days		28 days

		Soil (control)		1.5025		2.27375		2.7775		0.175		0.443064612		0.567707378

		Biosolid 10%		2.30625		2.895		3.435		0.106330852		0.105435604		0.193045763

		Biosolid 20%		2.5025		3.07375		3.59		0.137689264		0.109420824		0.05

		Biosolid 30%		2.8355		3.52		4.29475		0.221173386		0.313873648		0.239527834

		Biosolid 40%		2.3525		2.8425		3.39		0.396600134		0.477955716		0.572276157

		Biosolid 50%		1.9425		2.8575		3.3575		0.115578256		0.166057219		0.255391856

		Biosolid 60%		1.99		2.6025		3.1775		0.306865877		0.402854399		0.52181574

		Tea compost		2.9105		3.4455		4.136		0.290765083		0.380128487		0.26069906

		Coco peat		1.17		1.58625		1.76125		0.224981481		0.54403393		0.170947117





Leaf number

								0.175		0.175		0.443064612		0.443064612		0.567707378		0.567707378

								0.106330852		0.106330852		0.105435604		0.105435604		0.193045763		0.193045763

								0.137689264		0.137689264		0.109420824		0.109420824		0.05		0.05

								0.221173386		0.221173386		0.313873648		0.313873648		0.239527834		0.239527834

								0.396600134		0.396600134		0.477955716		0.477955716		0.572276157		0.572276157

								0.115578256		0.115578256		0.166057219		0.166057219		0.255391856		0.255391856

								0.306865877		0.306865877		0.402854399		0.402854399		0.52181574		0.52181574

								0.290765083		0.290765083		0.380128487		0.380128487		0.26069906		0.26069906

								0.224981481		0.224981481		0.54403393		0.54403393		0.170947117		0.170947117
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Collar diameter

		Growing media		14 days		21 days		28 days

		Soil (control)		2.5815		3.21825		3.931		0.2473128922		0.2962030554		0.3248456044

		Biosolid 10%		2.93175		3.61225		4.1765		0.2511697633		0.2500418298		0.4239972484

		Biosolid 20%		3.038		3.6755		4.322		0.2937776937		0.3028910695		0.4452811846

		Biosolid 30%		4.14325		5.015		6.2515		0.3229441386		0.1993305462		0.5431221471

		Biosolid 40%		2.834		3.37075		3.991		0.3147242179		0.2626916761		0.4166765332

		Biosolid 50%		3.192		3.84975		4.7335		0.3192668685		0.4039755562		0.3462450962

		Biosolid 60%		2.826		3.723		4.361		0.5169029567		0.6927803885		0.598608943

		Tea compost		3.368625		4.057375		4.67625		0.1479129108		0.104324314		0.21370287

		Coco peat		2.749		3.367		3.8905		0.2270418464		0.1922723762		0.1519309053





Collar diameter

								0.2473128922		0.2473128922		0.2962030554		0.2962030554		0.3248456044		0.3248456044

								0.2511697633		0.2511697633		0.2500418298		0.2500418298		0.4239972484		0.4239972484

								0.2937776937		0.2937776937		0.3028910695		0.3028910695		0.4452811846		0.4452811846

								0.3229441386		0.3229441386		0.1993305462		0.1993305462		0.5431221471		0.5431221471

								0.3147242179		0.3147242179		0.2626916761		0.2626916761		0.4166765332		0.4166765332

								0.3192668685		0.3192668685		0.4039755562		0.4039755562		0.3462450962		0.3462450962

								0.5169029567		0.5169029567		0.6927803885		0.6927803885		0.598608943		0.598608943

								0.1479129108		0.1479129108		0.104324314		0.104324314		0.21370287		0.21370287

								0.2270418464		0.2270418464		0.1922723762		0.1922723762		0.1519309053		0.1519309053
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Chlorophyll

		Growing media		14 days		21 days		28 days

		Soil (control)		15.4625		16.86666667		17.7625		1.241293755		0.92285788		1.053949802

		Biosolid 10%		16.2375		18.22083333		19.15		1.00410039		0.834818122		0.98436857

		Biosolid 20%		17.15		19.1875		20.5125		0.480836463		0.187762162		0.549642139

		Biosolid 30%		20.29583333		23.2375		25.46666667		1.267351788		2.438972727		2.288194339

		Biosolid 40%		14.26666667		15.79166667		16.74166667		0.989060534		0.84475506		0.783274229

		Biosolid 50%		16.8025		18.48583333		19.805		1.466902443		1.050003086		1.707057247

		Biosolid 60%		16.09916667		18.1375		19.36083333		0.910597586		1.024548229		1.241633855

		Tea compost		17.65416667		19.32083333		20.64583333		1.058158341		0.479076078		1.173896251

		Coco peat		7.839166667		9.426666667		10.85333333		0.502721298		0.285566364		0.260391443





Chlorophyll

								1.241293755		1.241293755		0.92285788		0.92285788		1.053949802		1.053949802

								1.00410039		1.00410039		0.834818122		0.834818122		0.98436857		0.98436857

								0.480836463		0.480836463		0.187762162		0.187762162		0.549642139		0.549642139

								1.267351788		1.267351788		2.438972727		2.438972727		2.288194339		2.288194339

								0.989060534		0.989060534		0.84475506		0.84475506		0.783274229		0.783274229

								1.466902443		1.466902443		1.050003086		1.050003086		1.707057247		1.707057247

								0.910597586		0.910597586		1.024548229		1.024548229		1.241633855		1.241633855

								1.058158341		1.058158341		0.479076078		0.479076078		1.173896251		1.173896251

								0.502721298		0.502721298		0.285566364		0.285566364		0.260391443		0.260391443
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Emergence

		Growing media		7 days		9 days		11 days

		Soil (control)		50.1875		68.4625		71.2625		3.447070012		3.700309672		3.265826848

		Biosolid 10%		51.775		68.45		71.575		2.564501251		3.745886633		3.907684737

		Biosolid 20%		53.975		70.425		73.225		2.930017065		0.510718448		1.042433051

		Biosolid 30%		70.65		87.95		91.1125		1.792809713		2.482270466		1.915887523

		Biosolid 40%		64.45		80.125		83.575		1.140540807		2.981750045		2.666458325

		Biosolid 50%		60.1		76.0375		79.725		2.673480877		2.525989905		2.070426687

		Biosolid 60%		53.6		69.7375		72.85		3.581084566		3.870911822		3.861239007

		Tea compost		69.4		86.975		89.9625		1.327591805		1.569766437		1.598632228

		Coco peat		45.525		59.0125		62.325		2.031009601		2.761755179		3.295451411





Emergence

								3.447070012		3.447070012		3.700309672		3.700309672		3.265826848		3.265826848

								2.564501251		2.564501251		3.745886633		3.745886633		3.907684737		3.907684737

								2.930017065		2.930017065		0.510718448		0.510718448		1.042433051		1.042433051

								1.792809713		1.792809713		2.482270466		2.482270466		1.915887523		1.915887523

								1.140540807		1.140540807		2.981750045		2.981750045		2.666458325		2.666458325

								2.673480877		2.673480877		2.525989905		2.525989905		2.070426687		2.070426687

								3.581084566		3.581084566		3.870911822		3.870911822		3.861239007		3.861239007

								1.327591805		1.327591805		1.569766437		1.569766437		1.598632228		1.598632228

								2.031009601		2.031009601		2.761755179		2.761755179		3.295451411		3.295451411
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Dry weight

		Growing media		Root		Shoot

		Soil (control)		3.5925753823		9.4383906291		0.8476732983		0.9343933524

		Biosolid 10%		6.8567296261		11.7284058971		0.9925653595		1.6221474705

		Biosolid 20%		8.9659997653		11.8361056404		0.7307023889		0.7937545208

		Biosolid 30%		11.2092672021		15.9805067235		1.1283317691		0.9975107804

		Biosolid 40%		8.3183005172		11.6597954838		0.9585314476		1.2552275157

		Biosolid 50%		8.6059196437		10.9835081322		1.3485479297		0.3551606736

		Biosolid 60%		7.5927889735		9.472923967		0.6273681369		0.7903932692

		Tea compost		10.381778214		15.2215481018		0.5660451199		0.7859486685

		Coco peat		5.7623955665		7.6915913629		1.1312755474		1.5638879874

		Growing media		Bulk density		Moisture content		pH		EC

		Soil (control)		1.7±0.02		25.8±2.5		7.4±0.4		2.6±0.4

		Biosolid 10%		1.6±0.04		34.0±2.7		6.2±0.1		3.2±0.1

		Biosolid 20%		1.5±0.06		40.8±4.1		6.6±0.2		3.6±0.2

		Biosolid 30%		1.3±0.01		42.8±7.4		6.5±0.1		4.4±0.3

		Biosolid 40%		1.3±0.05		44.5±5.7		6.4±0.1		5.1±0.3

		Biosolid 50%		1.3±0.01		45.1±5.5		5.6±0.2		5.2±0.1

		Biosolid 60%		1.3±0.02		45.9±4.5		5.4±0.2		5.4±0.1

		Tea compost		1.3±0.02		44.7±2.9		7.4±0.1		4.3±0.3

		Coco peat		1.2±0.01		45.3±8.2		7.4±0.1		5.2±0.2





Dry weight

						0.8476732983		0.8476732983		0.9343933524		0.9343933524

						0.9925653595		0.9925653595		1.6221474705		1.6221474705

						0.7307023889		0.7307023889		0.7937545208		0.7937545208

						1.1283317691		1.1283317691		0.9975107804		0.9975107804

						0.9585314476		0.9585314476		1.2552275157		1.2552275157

						1.3485479297		1.3485479297		0.3551606736		0.3551606736

						0.6273681369		0.6273681369		0.7903932692		0.7903932692

						0.5660451199		0.5660451199		0.7859486685		0.7859486685

						1.1312755474		1.1312755474		1.5638879874		1.5638879874
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Root volume

		Growing media

		Soil (control)		0.0550833333		0.0067144124

		Biosolid 10%		0.19175		0.0644130292

		Biosolid 20%		0.8703333333		0.1777246622

		Biosolid 30%		1.978125		0.1460863757

		Biosolid 40%		0.8175		0.0943355909

		Biosolid 50%		0.7044666667		0.1205395463

		Biosolid 60%		0.7490916667		0.0959317664

		Tea compost		1.8416916667		0.1095087122

		Coco peat		0.07075		0.0082434036





Root volume

				0.0067144124		0.0067144124

				0.0644130292		0.0644130292

				0.1777246622		0.1777246622

				0.1460863757		0.1460863757

				0.0943355909		0.0943355909

				0.1205395463		0.1205395463

				0.0959317664		0.0959317664

				0.1095087122		0.1095087122

				0.0082434036		0.0082434036
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