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ABSTRACT 

In this study, the impacts of irrigation water quality, soil characteristics and on-farm practices 

on paddy yields were investigated. Standard spectroscopy and spectrometry methods were used 

to analyze irrigation water and irrigated soil samples. The irrigation water had sodium 

adsorption (SAR) values ranging from 0 to 3. The corresponding electrical conductivity (EC) 

values were between 0.2 and 0.7 dS/m and accounted for 14% of all samples hence posing 

slight to moderate infiltration problem. Neither sodium nor chloride levels were high enough 

to cause toxicity problems in the irrigation water. For boron, 54% of the samples was found to 

have moderate toxicity whereas ~14% of the samples indicated severe boron toxicity in the 

irrigation water. For bicarbonate, about 86 and 14% of the irrigation water indicated slight-to-

moderate and severe potential detrimental effect to plant growth, respectively. The trace 

elements Fe2+, Zn2+, Cu2+, Mn2+, B, As, Cd, Cr2+, Pb2+, Ni2+, and Al3+ in the irrigation water 

samples were too low to cause any harmful effect. Although soil EC (0.2 to 1.9dS/m), organic 

carbon (OC) (0.1 to 2.4%) and pH (6.0 to 8.5) indicated favorable levels, there were significant 

variations in soil Fe (2.6 to 169.5 mg/kg) and Zn (3.9 to 204.1 mg/kg). The mean value of Fe 

in soils was 19.8 mg/kg. Soils indicated signs of Fe-deficiency. High variabilities were also 

found in the total N (86 to 2155 mg/kg) content of the studied paddy soils. The levels of 

phosphorus (Olson P, mean 224.2 ± 149.4 mg/kg) were found to be too high compared to what 

is reported as normal in similar studies. There might be unsustainable and excessive application 

of P-containing inputs in the studied area. Furthermore, a low soil K content was observed in 

the analyzed soil samples. The present study recommends that regular control of irrigation 

water HCO3
-, EC and controlling soil pH levels as well as adoption of standard on-farm 

practices following of crop calendar, proper application of fertilizers. Availability of extension 

officers to advice farmers is highly recommended. 
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CHAPTER ONE 

INTRODUCTION 

1.1  Background of the problem 

Cultivated rice (Oryza sativa) is among the most important crops in the world serving as food 

to more than half of the world’s population (Hu et al., 2016; Oster et al., 2016). In Tanzania, 

this crop is one of the widely grown crop and is the second most important crop (Kolleh et al., 

2017). Rice is both cash and food crop for majority of people and it is estimated that 60 percent 

of the population consumes rice each day (Achandi & Mujawamariya, 2016; Gowing et al., 

2018). The crop is grown under three major ecosystems namely; rain-fed, upland and irrigated 

(Nkuba et al., 2016). The irrigated ecology is 20 percent of 21 million hectares suitable for rice 

production (Wilson & Lewis, 2015). The production of rice in this country is predominantly 

rain-fed ecology covering 72% with yield ranging from 1 ton/ha to 2 tons/ha while that of 

irrigated ecology have reported yields ranging from 2.5 to 4 tons per hectare (Tippe et al., 2017; 

Mosha et al., 2018a). The demand for this crop is growing rapidly day after day as food source 

in several countries of the world following wheat (Gale et al., 2015). It was reported that there 

is projected increase in rice demand from 680 million tons in 2015 to 771 million tons in 2030 

(Bruinsma, 2017). 

Despite rice being an important cash and food crop in Tanzania, its  production is lower than 

the yield potential of 10 tons/ha reported in Egypt and USA (Kadigi et al., 2004).  The low 

yield is reported to be due to rainfall, quality and quantity of irrigation water, soil nutrients, 

initial capital investment, genotypes, pest and diseases (Deng et al., 2015; Alfarisy et al., 2018; 

Shiba et al., 2018). Among these challenges facing paddy production, quality of irrigation 

water, soils characteristics and agronomic practices are reported to significantly influence 

paddy yield (Thitisaksakul et al., 2015; Singh et al., 2016). For example, irrigation water 

containing sodium levels above 1300 ppm, calcium above 120 ppm, magnesium above 24 ppm, 

coupled with poor agronomic practices have been reported to negatively affect paddy 

production (Khaleghian et al., 2015; Krishnamurthy et al., 2016). Improved rice irrigation 

practices has been viewed as vital element in efforts to increase rice production in many areas 

(Shao et al., 2015; Xuan, 2018).  

As such, farmers in irrigated ecology are more technically allocative and economically efficient 

in rice production than farmers in the rain-fed ecology (Pede et al., 2015; Bidzakin et al., 2018). 
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Irrigated rice ecology provides readily available water. This accessibility of irrigation water 

coupled with high solar radiation and low incidence of pest and diseases results in higher paddy 

(Deng et al., 2015; Carrijo et al., 2017).  Therefore, analysis of water quality for irrigation, soil 

characteristic and agronomic practices is important due to the declining soil fertility, water 

resources, low rice yields and water competition from other uses (Assouline et al., 2015; Cao 

& Yin, 2015; Rehman et al., 2016) 

This study, therefore, attempted to find causes of low paddy production in irrigated rice ecology 

by assessing the irrigation water quality, soil physicochemical properties and farmers’ on-farm 

practices. The information gathered will help in improving irrigation water practices, soil 

fertility management and will provide readily available reference on proper agronomic 

practices that will improve paddy production in the future. 

1.2   Statement of the problem 

Like many other developing countries, Tanzania has been making effort to improve its rice 

yields due to increased rice demand which is expected to triple by 2020 (Wilson & Lewis, 

2015). The Government initiated a Rice Development Strategy which aimed at increasing rice 

production for domestic use and export  through improved irrigation (Mosha et al., 2018b). 

Despite these efforts by the government, rice production in the irrigated rice ecology has faced 

increased challenges resulting to continued low rice yields (Atera et al., 2018). Current rice 

yields in irrigated ecology range from approx. 2.5 to approx. 4 tons/ha which is lower compared 

to the average rice yields of 10 tons/ha reported in some other countries (Kadigi et al., 2004) 

It has been reported that low paddy yields are associated with predominantly poor water 

quality, poor water management, limited adoption of technology, poor agronomic practices, 

unavailability of improved cultivars as well as the low use of fertilizers (Liu et al., 2016b). It 

was also reported that water quality has direct effect on growth and performance of plants, soil 

and the environment (Liu et al., 2018). The extensive use of fertilizers and pesticides to support 

plant growth has caused serious public health and environmental damages worldwide, 

particularly in developing countries (He et al., 2018). Moreover, it has been reported that 

decline in soil fertility is one of the most serious agricultural problems of the world especially 

in tropical cropland that is causing dwindled yields (Islam et al., 2016). In summary, it could 

be argued that paddy yields are influenced by fertility status of the soil, on-farm practices and 

the quality of water used to irrigate the crop (Kumar et al., 2017). At Kivulini Irrigation Scheme 
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of Kilimanjaro, Tanzania, where this study was conducted, there have been experiences of low 

and highly varied paddy yields. We purposely conducted this research in an attempt to address 

problems related to paddy yields and the quality of irrigation water. 

1.3  Rationale of the study 

In many areas where rice is grown, irrigated rice ecology is reported to be an important solution 

in increasing rice yields compared to rain-fed ecology (Watto & Mugera, 2014; Mosha et al., 

2018a). This agrees with the findings by Ugalahi et al. (2016), who reported that institution of 

irrigation in rice farming led to rice self-sufficiency. Under this ecology in the USA and Egypt, 

the average yield of rice is approx. 10 tons/ha whereas that of Tanzania is ranging from 2.5 to 

4 tons/ha (Fageria et al., 2003;Wilson & Lewis, 2015; Elmoghazy & Elshenawy, 2019). This 

implies that irrigated rice ecology in Tanzania needs improvement. It is reported that for 

improved paddy production under irrigated ecology, understanding changes within the 

irrigation project are necessary for long term productivity and sustainability of yield (Li et al., 

2016; Mosha et al., 2018a). So, knowledge of irrigation water quality, soil characteristics and 

the impact of agronomic practices is critical. This study, therefore, was designed in such a way 

that it would provide baseline information on the causes of low and varied paddy production. 

Moreover, the information generated from the present study will be useful to agricultural 

practitioners and extension service providers in attempts to improve paddy productivity in 

irrigated paddy farms across the country. 

1.4  Research objectives  

1.4.1  General objective 

The objective of this study is to assess the impacts of irrigation water, soil characteristics and 

on-farm practices on paddy productivity. 

1.4.2  Specific objectives 

The specific objectives are: 

(i) To determine irrigation water quality in the study area. 

(ii) To determine physicochemical properties of soils in the study area. 

(iii) To assess farmer’s common agro-irrigation practices in the study area. 
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1.5  Research questions 

(i) How is irrigation at the study site loaded with nutrients and pollutants? 

(ii) What are the physical and chemical qualities of the irrigated soils at the study site? 

(iii) How are farming practices at the study site affecting paddy yields? 

1.6  Significance of the research 

Tanzania is a highly rice-dependent country because rice is a staple crop in the country. Apart 

from maize, rice comes second as the most cultivated food and commercial crop in Tanzania. 

Total Tanzanian land area on which rice is cultivated is about 681 000 ha, representing 18% of 

the country’s total arable land. Yields are generally very low estimated in the range between 1 

and 1.5 tons/ha and mostly grown under traditional methods. Furthermore, a good proportion 

(approx. 71%) of the rice in Tanzania is grown under rain-fed conditions. In 2018, it was 

estimated that about 50% of the country’s rice was grown by around 230 000 smallholder 

farmers in Tabora, Shinyanga and Morogoro. The government of Tanzania as well as farmers 

have been struggling to improve rice production. We expect that the information presented in 

this study will be a contribution to these efforts, not only in Tanzania but also across the region. 

1.7 Delineation of the study 

This study tried to look in details how both irrigation water quality and soil properties affect 

paddy growth, production and productivity. Previous studies on paddy focused mainly on either 

of the two, water quality or soil properties. Also this study has been fulfilled with the help of 

farmers’ baseline survey where agronomic practices of the farmers were established. Such 

practices included following official crop calendar, the way farmers prepare their land, type of 

inputs used and availability of extension services. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1  Paddy production in millennia—the history 

Paddy production existed many years back as wild varieties which were consumed by people 

from different continents. All species of wild rice were cultivated on wetlands (Aagaard et al., 

2018). Paddy consumption started about 12 000 and 16 000 years ago (Chen et al., 2016; Yang 

et al., 2017). Three distinctive rice species included Oryza sativa japonica, domesticated in 

central China by about 7000 years BCE, Oryza sativa indica, domesticated in the Indian 

subcontinent about 2500 BCE and Oryza glabberima, domesticated in West Africa between 

1500 and 800 BCE  (Zheng et al., 2016; Awan et al., 2017). There is another wild variety 

species called Zizania aquatic grown in the United States (Anwar et al., 2017; Hutchinson, 

2017). Paddy production may be classified as upland or lowland based on altitude (Xia et al., 

2019). It may also be classified as rain-fed or irrigated based on the water source (Salmon et 

al., 2015). 

2.2  Global importance of paddy production 

Rice is the world’s second most important cereal crop following only corn (Selvaraj et al., 

2017). It is the most important grain with regard to human nutrition and caloric intake, 

providing more than one-fifth of the calories consumed worldwide by humans (Ajay et al., 

2013). According to the United Nations and the Food and Agriculture Policy Research Institute 

(FAPRI), global milled rice demand was expected to rise from 439 million tons in 2010 to 496 

million tons in 2035 (Seck et al., 2012). Moreover, 30 million tons of rice will be needed by 

Africa while in America, total rice consumption is also projected to rise (Borlaug, 2002).The 

projected demand for rice will outstrip the present supply in the near future, unless appropriate 

measures are taken to reverse current trends of unsustainable management of natural resources, 

inefficient growth and production (Brown, 1994; Rosegrant et al., 2012).  

Rice will remain the dominant feature of the nutritional and agricultural landscape of many 

countries and over many centuries (Li et al., 2015). But the way rice is grown will have to 

change. The wetland traditional cultivation methods is not sustainable in many parts of Asia, 

where scarcities of water and labor are becoming major drivers of change (Yu et al., 2018). 

More efficient water management systems are needed (Linquist et al., 2015). Paddy 
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production, if properly managed, can contribute greatly in the world’s economy due to the high 

and ever-growing demand (Pretty & Bharucha, 2018). Rice cultivation has increased 

agricultural output and created employment opportunities in most developing economies in 

Asia (Furuhashi & Gay, 2017). Surplus production comes from few countries mostly located 

in Asia, while the sources of import demand are numerous and spread across the world (Rose, 

2016). According to the most recent official data in 2017, China was the world’s leading paddy 

rice producer followed by India (Pode, 2016). It is mainly cultivated by small farmers in 

holdings of less than one hectare (Mottaleb & Mohanty, 2015; Ju et al., 2016). 

2.3  Paddy production in Tanzania 

Paddy is one of the widely grown crops in Tanzania and is the second most important food 

crop in terms of number of households, area planted and production volume (Lazaro et al., 

2017; Saidia & Mrema, 2017). Some of the leading regions in rice production include 

Morogoro, Kilimanjaro, Arusha, Manyara, Shinyanga, Tabora, Mwanza, Mbeya, Rukwa and 

Morogoro (Kolleh et al., 2017). Moreover, the country has large land resources more than 50 

000 km2 which is suitable for rice production (Nijbroek & Andelman, 2016). Availability of 

water resources which include underground, rivers and lakes assures sustainability production 

of paddy. There is political will by the government to enhance paddy production and 

productivity (Mkonda & He, 2016). For example the government is providing an enabling 

environment for private sectors to participate strongly in agricultural production, processing 

and marketing (Massay & Kassile, 2019). Rice is grown under three major ecosystems of rain-

fed, upland and irrigated (Nkuba et al., 2016). The area under rice production increased from 

0.39 million ha in 1995 to 0.72 million ha in 2010. Average paddy yields across the ecosystems 

have varied over the last 20 years from 1.25 to 2.4 tons/ha.  

The rain-fed ecosystem involves the use of small roughly leveled basins surrounded by earth 

bunds. This system contributes to 60% of total rice production in Tanzania (Gowing et al., 

2018).  

Rice is produced for home consumption and the surplus is directly sold to consumers by 

majority of smallholder farmers (Greco, 2015; Gowing et al., 2018). There are cooperative 

society which also buy rice through warehouse receipt system (Sathapatyanon et al., 2018). 

There is division of labor in paddy farming. Women play a major role in paddy production  

hence making a significant impact to food production, processing and marketing of farm 
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produce (Osabuohien et al., 2019). They participate actively in all aspects of value chain from 

planting, weeding, bird scaring, harvesting, processing and marketing. Men are engaged more 

in land preparation, fertilizer application and transport of farm produce (Mosha et al., 2018a). 

2.4  Challenges facing paddy production 

2.4.1  Water management 

Reliability of water supply is a pre-requisite for increased paddy yields (Shiva, 2016). Rice 

production in the country depends on marginal rainfall which is erratic (Oestigaard, 2016). 

Annual distribution and variation makes rain-fed paddy production susceptible to weather 

changes like floods and drought within the same season (Matata & Adan, 2018). Drought 

condition cause hesitation by farmers to invest in large scale production remaining with 

subsistence level production (Mosha et al., 2018a). Lack of irrigation infrastructure such as 

drainage and irrigation facilities may lead to low paddy production (Balamurugan & 

Balasubramanian, 2017). Construction costs of such infrastructure are beyond the capacity of 

smallholder farmers (Mosha et al., 2018a). This has led to poor water management as much of 

irrigation water is lost through seepage and evaporation (Nakawuka et al., 2018). Many 

irrigator associations have been established in recent years but their efforts and support is still 

marginal (Mdemu et al., 2017). 

2.4.2  Irrigation water quality 

Irrigation water quality has been reported to influence paddy yields negatively or positively 

(Samson et al., 2017; Samson et al., 2018). The quality of irrigation water can be influenced 

by parent rock material, effluents from wastewater originating from institutions, hospitals and 

industries (Qadir et al., 2008). The most common problems found in irrigation water include 

salinity, infiltration problems and toxicity (Bauder et al., 2011b). Salinity problems are caused 

by the presence of soluble salts in irrigation water especially in arid areas (McFarlane et al., 

2016). Infiltration problems are caused by elevated levels of  Na  as compared to calcium and 

magnesium which leads to sodic soils (Chhabra, 2017). Sodic soils may lead to infiltration and 

soil structure problems (Cucci et al., 2015).  
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2.4.3  Soil properties 

Soil characteristics have also been reported as a contributing factor to paddy growth (Carvalho 

et al., 2016). Nutrients availability in soils determines chemical properties of that soil (Olmo 

et al., 2016; Augusto et al., 2017). As crops grow they utilize nutrients (Fageria, 2016). 

Continued use of nutrients leads to fertility loss hence affecting paddy yields negatively 

(Mascie-Taylor, 1992; Van et al., 2000; Crusciol et al., 2016). 

2.4.4 Lack of improved seed varieties 

It has been reported that there is shortage of improved seed varieties which are tolerant to 

drought, cold weather, insects, pests and diseases (Duku et al., 2016; January et al., 2018). 

Another problem is the presence of local varieties in all ecosystems which have low yield 

potential, late maturing, and susceptible to lodging when improved management practices such 

as application of fertilizers are used (Nkuba et al., 2016). It has been reported that only 10% of 

farmers have been using improved varieties (Kangile et al., 2018).  

2.4.5 Agronomic practices 

Land agronomic practices affect rice production process in Tanzania. Such practices include 

soil fertility, land preparation, seed varieties used, pests and disease managements, planting 

time, lack of extension services leading to insufficient knowledge on proper dose of fertilizer 

to be applied and fertilizer application. The use and application of fertilizers and manure is still 

low. This is due to high prices which small scale famers who are the majority of paddy growers 

cannot afford (Adnan et al., 2019).   

2.5  Suitability of irrigation water for paddy growth 

Irrigation water should be tested to establish its suitability for irrigation (Tyrrel et al., 2006; 

Kokkinos et al., 2017). Parameters of concern in irrigation water include major cations, anions 

and micronutrients (Allende & Monaghan, 2015). The major cations include calcium, 

magnesium, potassium and sodium (Oster et al., 2016). The anions include carbonate, chloride, 

bicarbonate, sulfate, nitrate and boron (Pillai & Gupta, 2016). Other parameters include 

electrical conductivity or total dissolved solids, SAR, and pH (Jeong et al., 2016; Chhabra, 

2017; Mun et al., 2017). The test results of those parameters in irrigation water are then 
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compared with international standards like that of WHO or FAO before recommendations of 

the water is suitable for irrigation or not.  

2.5.1  Major cations 

The calcium is found in all natural waters (Chaussemier et al., 2015). When adequately 

supplied with exchangeable calcium, soils are friable and usually allow water to drain easily 

(Hassan et al., 2016; Saeed & Kadhum, 2016). This is why calcium in the form of gypsum is 

commonly applied to improve the physical properties of compact soils (Zhu et al., 2017). 

Sodium will be leached from the root zone when calcium replaces the sodium on the soil colloid 

(Park et al., 2016). The FAO guideline, 1992 suggests that irrigation water with calcium levels 

between 40 and 120 ppm is accepted. 

Magnesium is also found in most natural waters (Hopkins, 2007). As a concentration of 

magnesium and calcium increases it eliminates sodium hazard in irrigation water (Bhatti et al., 

2017; George et al., 2018). The desired range is from 6 to 24 ppm. 

Potassium behaves like sodium in the soil and is found in natural waters in small amounts 

(Oster et al., 2016).  Potassium is a macronutrient taken up by plants in large quantities (Khan 

et al., 2007). It also plays an important role in the plant’s ability to resist disease (Jha, 2017). 

The desired level of potassium is from 5 to 10 ppm. 

Sodium is very soluble and is also found in natural waters (Bauder et al., 2011a). It combines 

with chloride and sulfates to form salts (Aamer et al., 2015). Its high levels in soils may cause 

hard pans hence infiltration problems of soil may result (Bauder et al., 2011b). This situation 

adversely affect paddy growth (Aamer et al., 2015). Desired sodium levels in irrigation water 

is from 0 to 50 ppm. 

2.5.2  Anions 

Carbonates are salts of carbonic acid formed when carbon dioxide dissolves in water (Liao et 

al., 2016; Iali et al., 2018). They form alkalis when combined with calcium or magnesium 

(Shaikh & Sivaram, 1996). The effect is much stronger in presence of sodium ions (Scherer, 

2013). FAO recommends maximum desired levels in irrigation water to be 50 ppm. 

Bicarbonates are also salts of carbonic acid which are common in natural waters (Horneck, 

2007). When moisture is reduced, calcium and magnesium carbonates can separate calcium 



 

10 

from clay colloid, leaving high levels of sodium to replace them (Hannam et al., 2016). This 

might lead to an increase of SAR in the soil (Mohammadi, 2019). Using irrigation water with 

high levels of bicarbonates may contribute to reduction in water infiltration rates and soil gas 

exchange (Horneck, 2007). According to FAO maximum desired range for bicarbonate in 

irrigation water is 120 ppm. 

Chloride is an anion that is found in irrigation water (Hannam et al., 2016). It contributes to 

the total salt content of soils (Hopkins, 2007). It is necessary for plant growth in small amounts 

(Scherer, 2013). High levels of chloride in irrigation water will inhibit plant growth and reduce 

phosphorus availability to paddy (Killenga, 2010). According to FAO threshold value for 

chloride in irrigation water is 140 ppm. 

Sulfate is commonly found in irrigation water and contributes to total soil content in soils 

(Hopkins, 2007). High levels in irrigation water reduces phosphorus availability to paddy 

(Bauder, 2010; Hassan et al., 2016). Levels more than 400 ppm will acidify the soils (Hopkins, 

2007). 

Total dissolved solids is measured by determining the actual salt content in ppm (Scherer, 

2013). Drought condition can result in accumulation of excess salts in soil solution (Horneck, 

2007). This situation can cause paddy wilting due to insufficient water absorption by the roots 

compared to amount lost through transpiration even if the soils have plenty of moisture 

(Scherer, 2013). Desired range for TDS is 960 ppm. More than 1900 ppm will increase burn 

potential. 

Boron is necessary for paddy growth in small amounts. Adequate amount of boron is found in 

most waters (Taş et al., 2016). Significant levels of boron can frequently occur in various water 

sources hence frequent water test is necessary (Shah et al., 2017). Levels more than 1 ppm is 

toxic to some plants (Shah et al., 2017). Desired level ranges from 0.2 to 0.8 ppm. 

2.5.3  Total alkalinity 

Total alkalinity is a measure of water’s capability to neutralize added acids (Hauser, 2018). It 

establishes the buffering capacity of water (Afshar et al., 2017). The major chemicals that 

contribute to the alkalinity of water include dissolved carbonates, bicarbonates and hydroxides 

(Nand & Ellwood, 2018). High alkalinity can cause an increase in pH of the soils (Kiunsi, 

2006). This leads to reduction in micro-nutrient availability, precipitation of nutrient in 
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concentrated fertilizer solutions, and reduce the efficacy of pesticides and growth regulators 

(Antil & Singh, 2007; Karak et al., 2017). Desired range of alkalinity is from 1 to 100 ppm. 

2.5.4  Irrigation water pH 

Irrigation water pH is the degree of acidity or alkalinity of the sample (Bauder, 2010). 

Chemically, it is defined as the log10 of hydrogen ions (H+) in the soil solution (Bauder, 2011). 

The pH scale ranges from 0 to 14; a pH of 7 is considered neutral. A pH of less than 7.0 is 

acidic, 7.0 is neutral and above 7.0 is alkaline. Ideal pH levels that provides best conditions for 

irrigation ranges from 5.5 to 8.5 (Bauder, 2011). 

2.5.5 Micronutrients 

In irrigation water, micronutrients are important when available at levels that are acceptable 

for plant growth and sustenance (Table 1). Micronutrients are usually required in small 

amounts by plants. When their levels are in excess, they can be hazardous to plants. When their 

levels are low, the recommended limits deficiency symptoms will be seen.  
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Table 1: Required macronutrients levels in irrigation watera 

Micronutrients 

Maximum 

recommended 

limit (mg/L) 

Remarks 

Arsenic 0.10 Higher concentrations can be tolerated by some crops for 

short periods when they are grown in fine-textured soils 

Beryllium 0.10 Toxicities to plants have been reported at concentrations of 

as low as 0.5 mg/liter in nutrient solutions and at levels in 

the soil greater than 4 percent of the cation-exchange 

capacity. 

Cadmium 0.01 Concentrations equal to or less than 0.01 mg/liter require 50 

years or more to exceed the recommended maximum 

cadmium loading rate. Removal in crops and by leaching 

partially compensates and perhaps allows use of the water 

indefinitely. 

Chromium 0.10 Toxicity in nutrient solutions has been observed at a 

concentration of 0.50 mg/liter and in soil cultures at a rate 

of 10 kg/ha. Toxicity depends on the form of chromium 

existing in the water and soil and on soil reactions. 

Cobalt 0.05 A concentration of 0.10 mg/liter is near the toxic threshold 

for many plants grown in nutrient solution. Toxicity varies, 

depending on the type of crop and soil chemistry 

Copper 0.20 Concentrations of 0.1 to 1.0 mg/liter in nutrient solutions 

have been found to be toxic to plants, but soil reaction 

usually precipitate or adsorb copper, so that soluble copper 

does not readily accumulate. 

Fluoride 1.0 This concentration is designed to protect crops grown in 

acidic soils. Neutral and alkaline soils usually inactivate 

fluoride, so higher concentrations can be tolerated 

Lead 5.0 Plants are relatively tolerant to lead, and soils effectively 

sorb or precipitate it. Toxicity to animals typically iscaused 

not by lead adsorption from soils but by aerial deposition of 

lead on the foliage of pasture and forage plants. 

Lithium 2.50 Most crops are tolerant to lithium up to 5 mg/liter in nutrient 

solutions. Citrus, however, is highly sensitive to lithium. 

Lithium is a highly mobile cation that leaches from soils 

over an extended period of time 

Manganese 0.20 Some crops show manganese toxicities at a fraction of an 

mg/liter in nutrient solution, but typical soil pH and 

oxidation-reduction potentials control manganese in soil 

solution, so that the manganese concentration in irrigation 

water is relatively unimportant 

Molybdenum 0.01 This concentration is below the phytotoxic level but is 

recommended to protect animals from molybdosis because 

of excess molybdenum in forages 

Nickel 0.20 Nickel is toxic to many plants at concentrations of 0.5 to 1.0 

mg/liter. Toxicity from this element decreases with an 

increase in pH, so acidic soils are the most sensitive 
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Micronutrients 

Maximum 

recommended 

limit (mg/L) 

Remarks 

Selenium 0.02 This guideline protects livestock from selenosis because of 

selenium in forage. Selenium absorption by plants is greatly 

inhibited by sulfate, so the guideline for this element can be 

increased for gypsiferous soils and waters 

Vanadium 0.10 Toxicity to some plants has been recorded at vanadium 

concentrations above 0.5 mg/liter. 

Zinc 0.50 Zinc is toxic to a number of plants at a concentration of 1 

mg/liter in nutrient solution, but soils have a large capacity 

to precipitate this element. Neutral and alkaline soils can 

accept much greater concentrations without developing 

toxicities. 

National Academy of Science (1972), Pratt (1972) and Fall (2012)   

2.6  Important plant nutrients found in soil and their response to paddy growth 

2.6.1  Primary macronutrients 

Nitrogen is among the essential primary macronutrients required by plants (Weber & Burow, 

2018). It contains 40 to 50% of the dry matter of protoplasm (Aagaard et al., 2018). It is also a 

constituent of chlorophyll (Rao et al., 2017b). Its deficiency in paddy results into stunted 

growth, slow growth and chlorosis (Latte et al., 2017).  

Phosphorus is available to plants in small quantities because it is released slowly from insoluble 

phosphates and can easily be fixed again (Bergkemper et al., 2016; Eduah et al., 2017). It is a 

very essential nutrient required for paddy growth (Mehra et al., 2017). It is involved in 

adenosine triphosphate (ATP) which is of immediate use in all processes that require energy 

(Ananthanarayanan et al., 2015). Deficiency symptoms in paddy include an intense green 

coloration or reddening in leaves due to lack of chlorophyll (Latte et al., 2017). Its high 

deficiency might lead to leaves denaturing and ultimately die (Jia et al., 2017). 

Potassium is an essential nutrient for paddy growth. It is required more than nitrogen and 

phosphorus (Khanghahi et al., 2018). It regulates the opening and closure of stomata by 

potassium ion pump and regulates water loss from plant leaves (Corratgé‐Faillie et al., 2017). 

It is mobile and soluble within plant tissues. It is involved in the formation of carbohydrates 

and proteins. Its deficiency results in higher risks of pathogens, wilting, chlorosis, brown 

spotting and higher chances of damage from frost and heat (Latte & Shidnal, 2016; Narmadha 

& Arulvadivu, 2017). 
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2.6.2  Secondary and tertiary macronutrients 

Sulfur is a structural component of some amino acids and vitamins (Amich et al., 2016). It is 

less required compared to nitrogen. It is responsible for nitrogen fixation by legumes and 

conversion of nitrate into amino acids, then into protein (Walker & White, 2017). Deficiency 

includes symptoms such as yellowing of leaves and stunted growth (Walker & White, 2017). 

Calcium regulates transport of other nutrients into the plant (Thoday-Kennedy et al., 2015). It 

is a constituent of cell wall (Zhang et al., 2017). It is also involved in the activation of certain 

plant enzymes (Zipfel & Oldroyd, 2017). It is also involved in photosynthesis and plant 

structure. It has a positive effect in combating salinity in soils (Meng et al., 2019). Its deficiency 

results into defective root system, stunting growth and blossom end rot, curling of leaves 

towards the veins or center of the leaf (De Freitas et al., 2016).   

Magnesium is a constituent of chlorophyll molecule and very mobile in plants (Senbayram et 

al., 2016). It increases paddy yield (George et al., 2018). Its deficiency limits paddy growth 

and symptoms starts at older tissues and spread to younger tissues (Khadtare et al., 2017; Wang 

et al., 2017). 

Sodium stimulates growth by increasing leaf area and stomata by replacing potassium (George 

et al., 2018). High sodium levels is toxic to paddy hence reducing yield (Syu et al., 2016). 

When ratio of sodium to magnesium and calcium is greater than 3 in irrigation water the soils 

will be sodic, soil structures will be destructed and infiltration problems of the soil will start 

(Singh, 2016; Chhabra, 2017; Qadir et al., 2018). 

2.6.3  Micronutrients 

Iron helps in electron transport of plant (López-Millán et al., 2016). Iron is necessary for 

photosynthesis and is present as enzyme cofactor in plants (Philpott et al., 2017). It is not a 

structural part of chlorophyll but very much essential for its synthesis (Rout & Sahoo, 2015). 

Iron deficiency in paddy can result in auxin re-distribution, inter-veinal chlorosis and necrosis 

(Shen et al., 2015; Carruthers, 2016).  

Molybdenumis a cofactor to enzymes and important in building amino acids. It is also involved 

in nitrogen metabolism (Magalon & Mendel, 2015). It is part of nitrate reductase enzyme which 

is needed for reduction of nitrate and nitrogenaseenzyme required for biological nitrogen 
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fixation (Tejada‐Jiménez et al., 2017). Its deficiency in plants will be accompanied by nitrogen 

deficiency symptoms (Hajiboland, 2018). 

Boron is important micronutrient  necessary for plant growth and development (Shah et al., 

2017). Boron is absorbed from the soil by plants as borate  ion from boric acid BO 

(Ferreto et al., 2016). It is one of the most mobile nutrients in the soil, and can be rapidly 

leached once released from soil minerals and organic matter (Summers, 2016). Lack of boron 

results in short thick cells producing stunted fruiting bodies and roots (Feller & Müller, 2017). 

Boron concentration in soil water solution higher than 1 ppm is toxic to most plants 

(Küçükakyüz et al., 2018).  

Copper is important for photosynthesis (Sağlam et al., 2016). It is also involved in many 

enzyme processes necessary for effective photosynthesis, manufacture of lignin (cell walls) 

and in grain production (Sinisi et al., 2018). Its deficiency symptoms include chlorosis 

(Thomas et al., 2016). Manganese is essential for photosynthesis especially in the building of 

chloroplast (Santos et al., 2017). Its deficiency may result in discolored spots on the foliage 

(Carruthers, 2016). Zinc plays an essential role in DNA transcription (Marchal & Miotto, 

2015). Its deficiency in paddy include stunted growth of leaves due to oxidative degradation of 

the growth hormone auxin (Lee et al., 2018). Nickel is essential for activation of urease an 

enzyme responsible for nitrogen metabolism in order to process urea (Myrach et al., 2017). In 

lower plants such as paddy, nickel activates several enzymes involved in a variety of processes 

(Hie et al., 2015). It can also substitute zinc and iron as a cofactor in some enzymes (Yin et al., 

2017). 

Chlorine is necessary for osmosis and ionic balance (Montelius et al., 2016; Gohil & Suresh, 

2017). It also plays an important role in photosynthesis (Khan et al., 2018). Deficiency 

symptoms include chlorotic and wilted appearance of leaves (Heckman, 2016; Khan et al., 

2018). Its excess would result in forage burn (Horneck, 2007). Aluminium is not considered as 

a plant nutrient, but it is capable of making the soil more acidic by taking hydroxide ions out 

of water, leaving hydrogen ions behind (Li & Johnson, 2016; Baquy et al., 2017). It is also 

responsible in inhibiting plant root growth by replacing major cations in exchange sites (Li & 

Johnson, 2016). 
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Silicon is not an essential element for plant growth and development (Adrees et al., 2015; Rao 

et al., 2017a). However it is found in abundance in environment (Bityutskii et al., 2017; Rao 

et al., 2017a). It is essential in paddy growth as it provides resistance to pests and disease (Rao 

et al., 2017a). It strengthen cell walls, improving plant strength, health and productivity 

(Adrees et al., 2015; Chanchal et al., 2016). 

2.7  Soil electrical conductivity 

Soil electrical conductivity is a measure of the amount of salts in soil (Scherer, 2013). It is an 

indicator of available water capacity, nutrient availability, and soil structure (Karak et al., 

2017). It affects crop yields, suitability of soils for certain crops, amount of water and nutrients 

available for plant use, and activity of soil micro-organisms (Rhoades, 1996; Mun et al., 2017). 

2.8  Soil pH 

Soil pH is a measure of the acidity or basicity of soils (Jury & Stolzy, 2018). It affects many 

chemical processes in soils (Liu et al., 2016a). It affects plant nutrient availability by 

controlling the chemical forms of the different nutrients and influencing the chemical reactions 

they undergo (Mook, 2010; Miller, 2016). The optimum pH range for most plants is between 

5.5 and 7.5 (Crusciol et al., 2016; Couto, 2017). However, many plants tolerate pH values 

outside this range. 

  

https://en.wikipedia.org/wiki/Acidity
https://en.wikipedia.org/wiki/Basicity
https://en.wikipedia.org/wiki/Soil
https://en.wikipedia.org/wiki/Plant_nutrition
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1  The study area 

The study was carried out at one of the irrigation schemes in the Kilimanjaro region of northern 

Tanzania (Fig. 1). The scheme, Kivulini, is located in Mwanga district. It shares borders with 

Simanjiro district to the West, Moshi district to the North, the Republic of Kenya to the East 

and Same district to the South. The scheme abstracts its water from Ivonokwa and Mtindi 

springs which supply water to the three main canals: Kivulini, Bogoyo and Nanyori main 

canals.  

Sampling sites were randomly selected, and their respective geographical positioning were 

determined by a handheld GPS device (Garmin International, Inc., East Street 151 East Street, 

Olathe, Kansas). A QGIS software Version 2.1.8 was used to prepare the map showing 

sampling points in the study area. The study area was further divided into three sub-regions i.e. 

Kivulini, Nanyori and Bogoyo using the three main canals as points of reference (Fig. 2). The 

sub-regions were used for comparison purposes. 
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Figure 1: Map of the study area 1. Map A represents Tanzania country with all the 

regions. Map B represents Kilimanjaro region and Map C represents the study 

area at Kivulini village. Details of map C are shown in Figure 2 
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Figure 2: Layout   map of sampling area. The map shows three sub-regions of Kivulini 

(purple), Bogoyo (green) and Nanyori (orange) where irrigation water and soil 

samples for this study were collected 

3.2  Irrigation water sampling 

Irrigation water sample collection was done in July 2018. A total of 37 irrigation water samples 

were collected at site using 1.0 L sample bottles. Before sample collection, the bottles were 

rinsed three times using deionized water. All other sampling procedures were followed 

according to methods in the literature (Moran et al., 1999; Csuros, 2018). 

A total of 17 samples were collected within the farms whereas other 20 samples were collected 

within the three main canals, drainage canals and distribution canal structures. During water 

sample collection, physical properties of water were recorded onsite using a multi-parameter 

device (Model HI 9828, HANNA Instruments, Italy). Parameters recorded onsite included the 

irrigation water pH, Electrical Conductivity (EC), Total Dissolved Salts (TDS), temperature, 

salinity, dissolved oxygen (DO) and the oxidation reduction potential (ORP). The bottles were 
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then sealed, labeled, preserved in a cool box and transported to the NM-AIST laboratory for 

further analyses. At NM-AIST, the samples were acidified using analytical grade to a 

pH less than 2.0. The irrigation water samples were then stored in a refrigerator at 4.0 °C to 

minimize microbial activities and undesirable physicochemical reactions before further 

analysis. 

3.3  Irrigated soils sampling 

Soil samples were collected across the three regions shown in Fig. 2. A total of 61 soil samples 

were collected to a depth of 20.0 cm at different locations in the study area. To get one 

representative sample on a site, six points for sampling were randomly selected and the soils 

were mixed thoroughly before collecting a final sample of 0.5 kg for analysis, Samples were 

then stored in labeled zip-top bags and transported to NM-AIST laboratory for analysis. 

Accordingly, all other soil sampling procedures were followed using recommendations in the 

literature (Crepin & Johnson, 1993; Csuros, 2018).  

3.4  Farmers’ baseline survey 

The farmers’ baseline survey was used to collect qualitative information about the on-farm 

practices for individual farmers. A random sample of 56 farmers was selected using standard 

survey methods (Emerson, 2015). Farmer’s information included: Farmer’s age, gender, 

education level, farm size, machinery used for land preparation, amount of water reaching their 

plots, type of fertilizer, pesticides used and general paddy productivity. Moreover, farmers 

were asked whether they had access to extension services and markets. 

3.5  Laboratory analyses 

Irrigation water samples were analyzed for cations (Ca2+, Mg2+, K+, Na+), anions ( , 

, ,  , Cl-, ) and trace elements (Fe2+,  Zn2+, Cu2+, Mn2+ , B, As, Cd, Cr2+, Pb2+, 

Ni2+ and Al3+ ) using the methods explained below. The levels of were determined by 

using SulfaVer 4 Turbidity method. The levels of   were determined using PhosVer 3 

Ascorbic method. The levels of were determined using NitraVer Cadmium Reduction 

method. The levels of B were determined using BorVer Carmine method. The anionic levels 

were read using HACH DR 2800 spectrophotometer. 
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The levels of Cl- were determined by Argentometric Titration method using standard silver 

nitrate (AgNO3) titrant and potassium chromate indicator solution. The levels of  and 

 were determined using standard and Bromocresol Green indicator. The levels of 

Na+ and K+ were determined by PFP7 Flame Photometer using standard solutions of Na+ and 

K+. The levels of Ca2+ and Mg2+ were determined by titration method with ethylene 

diaminetetraacetic acid (EDTA) using Erio T as end point of titration (Rizvi et al., 2015). The 

levels of heavy metals were determined using atomic absorption spectrometer (AAS) 

(PerkinElmer Analyst 100).  

Sodium adsorption ratio (SAR) for irrigation water samples was calculated using the standard 

Equation (1) (Sattari et al., 2018); 

 

(1) 

where , , and  are concentrations of sodium, calcium and magnesium ions 

in the irrigation water, respectively. 

Soil samples were analyzed for OC, EC, pH , Fe2+, Zn2+, N , P and K+ using standard methods 

for soil analysis (Jones Jr, 2001). Soil EC and pH were determined by a portable meter using a 

soil to water ratio of 1:2 using potassium chloride reagent. The OC content was determined by 

mixing the sample with chromic acid and . Total N was determined by the Micro-

Kjeldahl digestion, distillation followed by titration. Available P was determined by using the 

Olsen method as done in Zhan et al. (2015). The soil K+ levels were determined by flame 

photometry procedures. Soil Fe2+ and Zn2+ were determined by an atomic absorption 

spectrophotometer (AAS) after digestion and extraction of samples. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1  Results 

4.1.1 Irrigation water quality 

(i)  Irrigation water pH, EC and TDS  

Irrigation water pH values ranged from 6.23 to 7.42 with mean value of 6.66 ± 6.55. EC values 

for irrigation water samples ranged from 0.66 to 1.52 ds/m with average value of 0.96 ± 0.953 

dS/m.  Generally, the results indicate that 14% of the assessed irrigation water samples had EC 

values less than 0.7 ds/m (Table 2). The remaining 86% of the assessed irrigation water samples 

had EC values greater or equal to 0.7 ds/m. 

(ii)  Sodium Adsorption Ratio (SAR) levels and infiltration 

The corresponding Na+ levels ranged from 0. 15 to 2.44 Meq/l with mean value of 0.75 ± 0.67 

Meq/l. Ca2+ levels ranged from 0.77 to 7.00 meq/l with mean value of 2.88 ± 2.86 meq/l while 

Mg2+ levels ranged from 1.82 to 6.28 Meq/l with mean value of 2.92 ± 2.63 meq/l. As aresult 

SAR in the study area ranged from 0.09 to 1.71 with mean value of 0.45 ± 0.41. The levels 

were below threshold value of 9 which is maximum level above which irrigation water 

infiltration would be impaired (FAO, 1992) 

(iii)  Chloride and boron  

Chloride (Cl-) levels in irrigation water samples ranged from 0.1 to 0.5 mg/l with average value 

of 0.17± 0.1 mg/l. According to FAO guidelines the levels were safe for irrigation. Boron levels 

ranged from 0.1 to 9 mg/l with mean value of 1.55± 1.11 mg/l (Table 4). Among the 37 water 

samples analyzed the results showed 32.4% of the samples fell under the no toxicity category, 

54.1% fell under moderate toxicity category and 13.5% were under severe toxicity category 

(FAO, 1992).  

(iv)  Nitrate Nitrogen and bicarbonate effects 

Nitrate Nitrogen levels ranged from 0.1 to 1.9 mg/l with average value 0.56 ± 0.50 mg/l. 

According to FAO guidelines of 1992, these levels were below 5 mg/l which is maximum 

recommended levels for irrigation water. Bicarbonate levels ranged from 3.44 to 10.66 meq/l 
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with average value of 5.92 ± 5.25 meq/l. of Nitrate levels were all bellow the FAO hazard limit 

of 5.0 mg/L (Table 5). However, of the 37 irrigation water samples, 32 indicated levels of 

 with slight-to-moderate detrimental effect on plant growth; 5 irrigation water samples 

equaling 13.5% indicated levels of  with severe effect on plant growth. For all the 

irrigation water samples none indicated levels of  below 1.5 meq/L, which is a safe 

threshold set by FAO. It is possible, thus, that the observed low paddy productivity and 

variations in yields among the farmers on the study field, are attributable to bicarbonate levels 

and variation. 

(v)  Trace elements and nutrient elements 

A total of 11 trace elements (As, Cd, Mo, Zn2+, Mn2+, Fe2+, Ni2+, Pb2+, Cr+2 , Al3+ , and Cu2+) 

in the irrigation water were analyzed. The results indicate that generally all trace elements in 

the analyzed samples were within the recommended limits (Fipps, 2003). P levels in irrigation 

water samples ranged from 0.11 to 0.95 mg/l and averaged 0.30 ± 0.22 mg/l while SO4
2- levels 

ranged from 0 to 8 mg/l with mean value of 2.7 ± 1 mg/l. K+ levels in irrigation water samples 

ranged from 1.36 to 12.46 mg/l with average value of 3.62 ± 3.21 mg/l. 

(vi)  Irrigation water anionic and cationic composition 

In the present study, the Piper diagram was used to elucidate the irrigation water anionic and 

cationic composition. The piper diagram is graphical presentation of chemical composition of 

water (Ravikumar et al., 2015). The Piper diagram’s bottom left ternary shows the cations 

while bottom right ternary shows the anions (Fig. 3). The middle diamond shape shows 

chemical composition of both cations and anions. The diagram is dominated by Ca2+ - - 

Mg2+ indicating the irrigation water has more levels of Ca2+, and Mg2+  ions. Therefore 

the irrigation water might have salts comprised mainly of Ca2+, and Mg2+ ions.  



 

24 

 

Figure 3:  Piper diagram showing chemical composition of irrigation water in three sub-

regions (Kivulini, Bogoyo and Nanyori). The bottom left ternary shows the 

cations while bottom right ternary shows the anions. The top diamond-shaped 

chart represents both anions and cations distribution in the three main canals 
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Table 2: Required salinity levels (Misstear et al., 2006) vs. field data from the studied 

area considering salinity effect 
Salinity measure 

Parameter (unit) EC (dS/m)  TDS (mg/L) 

Degree of 

restriction 

None Slight to 

moderate 

Severe  None Slight to 

moderate 

Severe 

FAO guideline < 0.7 0.7–3.0 > 3.0  <450  450–2000 >2000 

Levels in field samples for the current study 

Site name        

WS-1 0.66  429 

WS-2 0.93  601 

WS-3 0.82  535 

WS-4 0.67  436 

WS-5 0.71  461 

WS-6 0.96  624 

WS-7 1.13  735 

WS-8 0.93  603 

WS-9 0.92  599 

WS-10 0.99  646 

WS-11 1.46  1462 

WS-12 1.37  1365 

WS-13 0.82  533 

WS-14 0.84  543 

WS-15 0.95  619 

WS-16 1.05  683 

WS-17 1.19  779 

WS-18 1.09  703 

WS-19 0.95  618 

WS-20 0.89  579 

WS-21 0.82  534 

WS-22 0.82  533 

WS-23 0.98  636 

WS-24 0.98  637 

WS-25 0.98  632 

WS-26 1.16  754 

WS-27 1.52  983 

WS-28 1.03  667 

WS-29 0.86  560 

WS-30 0.99  642 

WS-31 1.17  759 

WS-32 1.37  890 

WS-33 0.66  424 

WS-34 0.71  458 

WS-35 0.66  427 

WS-36 0.67  434 

WS-37 0.79  510 
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Table 3: FAO guidelines for interpretation of water quality for irrigation (Misstear et 

al., 2006) vs. field data from the studied area considering infiltration and 

sodium toxicity effect 
Infiltration measure 

Parameter (unit) SAR  EC (dS/m) 

Degree of 

restriction 

    None Slight to 

moderate 

Severe 

FAO guideline         SAR 0–3 with EC  > 0.7 0.7–0.2  < 0.2 

   SAR 3–6  with EC  > 1.2 1.2–0.3 < 0.3 

     SAR 6–12  with EC  > 1.9 1.9–0.5 < 0.5 

   SAR 12–20  with EC  > 2.9 2.9–1.3 < 1.3 

 

   SAR 20–

40 

 with EC  
> 5.0 

5.0–2.9 < 2.9 

Levels in field samples for the current study 

Site name        

WS-1 0.32  0.66 

WS-2 0.57  0.93 

WS-3 0.97  0.82 

WS-4 0.21  0.67 

WS-5 0.41  0.71 

WS-6 0.48  0.96 

WS-7 1.72  1.13 

WS-8 0.31  0.93 

WS-9 0.37  0.92 

WS-10 0.64  0.99 

WS-11 0.51  1.46 

WS-12 0.53  1.37 

WS-13 0.64  0.82 

WS-14 0.56  0.84 

WS-15 0.33  0.95 

WS-16 0.24  1.05 

WS-17 0.84  1.19 

WS-18 0.71  1.09 

WS-19 0.35  0.95 

WS-20 0.50  0.89 

WS-21 0.22  0.82 

WS-22 0.10  0.82 

WS-23 0.11  0.98 

WS-24 0.09  0.98 

WS-25 0.75  0.98 

WS-26 0.13  1.16 

WS-27 0.61  1.52 

WS-28 0.58  1.03 

WS-29 0.45  0.86 

WS-30 0.47  0.99 

WS-31 

WS-32 

0.31 

0.20 

 1.17 

1.37 

WS-33 0.41  0.66 

WS-34 0.33  0.71 

WS-35 0.29  0.66 

WS-36 0.26  0.67 

WS-37 0.29  0.79 
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Table 4:  FAO guidelines for interpretation  of water quality for irrigation (Misstear et 

al., 2006) vs. field data from the studied area considering specific ion toxicity 

effect 

  Chloride (Cl-) (meq/L)  Boron (B) (mg/L) 

Toxicity level (FAO guideline 

value) 

No 

toxicity 

(< 4) 

Slight to 

moderate  

Severe 

toxicity 

(>  

 No 

toxicity  

(< 0.7) 

Slight to 

moderate  

Severe 

toxicity  

(>  

  toxicity   

(4–10) 

10)   toxicity 

(0.7–3.0) 

3.0) 

Levels in field samples for the current study 

Site name 

 

WS-1  0.1  1.2 

WS-2  0.1  0.4 

WS-3  0.2  1.3 

WS-4  0.1  3.9 

WS-5  0.1  0.8 

WS-6  0.1  0.8 

WS-7  0.2  0.8 

WS-8  0.1  0.2 

WS-9  0.1  9.0 

WS-10  0.2  1.4 

WS-11  0.3  3.3 

WS-12  0.1  0.2 

WS-13  0.2  0.4 

WS-14  0.3  2.5 

WS-15  0.1  3.7 

WS-16  0.2  1.0 

WS-17  0.1  1.8 

WS-18  0.2  1.6 

WS-19  0.5  1.3 

WS-20  0.1  2.9 

WS-21  0.1  1.4 

WS-22  0.2  0.5 

WS-23  0.1  0.8 

WS-24  0.4  1.7 

WS-25  0.1  1.0 

WS-26  0.1  0.3 

WS-27     0.4  0.1 

WS-28  0.1  0.3 

WS-29  0.1  0.5 

WS-30  0.2  1.1 

WS-31  0.1  0.4 

WS-32  0.1  1.8 

WS-33  0.1  3.7 

WS-34  0.2  0.5 

WS-35  0.1  1.8 

WS-36  0.1  0.6 

WS-37  0.1  2.4 
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Table 5:  FAO guidelines for interpretation (Misstear et al., 2006) vs. field data from the 

studied area considering effects on plant growth 

  Nitrate ( ) (mg/L)   Bicarbonate ( )(meq/L) 

Toxicity level (FAO 

guideline value) 

No 

effect   

(< 5) 

Slight to 

moderate 

effect      

(5–30) 

Severe 

effect  

(> 30) 

 No 

effect   

(< 1.5) 

Slight to 

moderate 

effect  

(1.5–8.5) 

Severe 

effect    

(>8.5) 

Levels in field samples for the current study 

Site name 

WS-1  1.2  5.08 

WS-2  1.1  7.54 

WS-3  1.1  5.08 

WS-4  0.4  3.77 

WS-5  0.1  4.92 

WS-6  0.3  4.26 

WS-7  0.3  4.76 

WS-8  0.2  6.23 

WS-9  0.0  4.92 

WS-10  0.2  5.25 

WS-11  0.5  9.02 

WS-12  0.5  7.54 

WS-13  0.5  4.26 

WS-14  1.0  3.44 

WS-15  0.1  5.90 

WS-16  0.5  10.66 

WS-17  0.5  10.66 

WS-18  1.2  4.92 

WS-19  0.5  5.9 

WS-20  0.5  4.26 

WS-21  1.3  6.39 

WS-22  1.3  5.08 

WS-23  0.5  6.40 

WS-24  0.4  5.41 

WS-25  0.1  4.76 

WS-26  0.3  6.89 

WS-27  0.4  10.17 

WS-28  0.4  7.54 

WS-29  0.0  5.90 

WS-30  0.3  5.08 

WS-31  1.2  8.20 

WS-32  1.0  8.04 

WS-33  0.2  5.25 

WS-34  1.9  5.08 

WS-35  0.2  4.10 

WS-36  0.6  4.92 

WS-37  0.1  7.22 
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4.1.2 Irrigated soil quality 

(i)  Soil EC, pH and soil organic carbon (SOC) 

Electrical Conductivity (EC) values ranged between 0.2 and 1.9 dS/m. The average EC value 

was 0.45 dS/m. As can be seen in S3 (Appendices), the pH values in the present study ranged 

from 6.31 to 10.09. Of the total 61 soil samples, 57 sample (equivalent to 93%) had pH values 

between 6.0 and 8.5. Moreover, SOC ranged between 0.1 and 2.4% 

(ii)  Soil macro- and micro-nutrients: Nitrogen (N), Phosphorus (P) and Potassium (K) 

The soil TN-content values ranged from 86 to 2155 mg/kg with average value of 1232 ± 540 

mg/kg. The P values ranged between 54.8 and 946.5 mg/kg with the mean value of 224.2 ± 

149.4 mg/kg. The values of K ranged from 8.8 to 49.9 mg/kg soil, with a mean value of 13.9 ± 

5.6 mg/kg. 

(iii)  Iron (Fe) and Zinc (Zn) 

The soil Zn levels ranged from 3.9 to 204.1 mg/kg with mean value of 50.8 ± 43.6 mg/kg. On 

the other hand Fe concentration ranged from 2.6 to 169.5 mg/kg soil with the mean value of 

19.8 ± 36.6 mg/kg. 

4.1.3  Farmers’ survey results 

Out of 56 farmers who participated in the survey, 20% grew Saro 5 paddy variety while 80% 

grew IR 64 paddy variety. Respondents’ data analysis found that Saro 5 variety’s productivity 

ranged from 0.4 to 1.8-ton ha-1 while IR 64 ranged from 0.7 to 3.8 ton ha-1. Respondents pointed 

out that they use urea-based fertilizers to enhance paddy growth. They also use various 

pesticides to control diseases and pests. The farmer’s gender, age, and education level did not 

correlate with paddy productivity. Also, type of pesticides and fertilizers had no correlation 

with paddy productivity.  

4.2  Discussions  

4.2.1  Irrigation water samples 

From the results the analyzed water samples showed characters that had influence on the 

productivity of paddy in the study area. The levels of EC and TDS in irrigation water samples 
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were too little to cause salinity problems to the irrigated fields.  Also Na+ and SAR levels had 

no significant harm to paddy growth and productivity. The irrigation water in study area had 

no toxic effect from Cl- as its levels were low compared to FAO guidelines. However some 

few parts of the field had elevated levels of Boron that would hinder paddy growth. Moreover, 

few parts of irrigated fields had elevated levels of which might have severe effect on 

paddy growth. Nitrate levels were below maximum recommended limit as suggested by FAO 

hence had no significant harm to paddy growth. Generally, the N, S, and K levels in the sampled 

irrigation water were within the recommended limits for agricultural application (Hopkins et 

al., 2007). The pH levels were within acceptable range. This was in line with trace elements 

levels in the analyzed samples which were within the recommended limits hence posing no 

harmful effect to paddy itself and animals eating paddy. Solubility of trace elements in 

irrigation water depends on water pH (Fipps, 2003). The piper diagram indicated that irrigation 

water might had salts comprised mainly of Ca2+, and Mg2+ ions.  

4.2.2  Irrigated soil properties 

The results for physico-chemical properties of laboratory soil tests are summarized in the table 

S3 in the appendix. Sustainable paddy productivity needs to take into consideration the paddy 

soil properties in the irrigated scheme. Globally, soil quality variabilities in paddy fields are 

well recognized. Paddy soil quality parameters such as soil EC, pH, organic carbon, nutrients 

and trace elements are important in determining sustained paddy productivity. High soil EC 

levels, although not a direct measure of the presence of certain compounds, has been correlated 

to the presence of ammonia, sulphate, chloride, potassium and nitrate (Aimrun et al., 2011; 

Zhou et al., 2014). However, from the results it was observed that soil levels (below 4 ds/m) in 

the study area was not saline (Touch et al., 2015). Soil pH is an important parameter in paddy 

production. Paddy is known to grow and flourish in soils with pH levels as low as 5.5 (Yu, 

1991). However, low soil pH values may lead to nutrient leaching. In the studied area pH levels 

was favourable for paddy yield. Moreover, from the results it can be concluded that SOC was 

suitable for paddy yields. Stable soil structure has positive influence on crop yields (Lee et al., 

2009). 

Greater variations in Fe levels might be the reason for paddy yields among the fields in the 

studied area. Furthermore, there is probably iron deficiency in the studied area. A similar 

irrigation scheme in Brazil, for example, was found to have Fe levels between 159 and 324 

mg/kg (Fageria et al., 2008). In another study conducted in paddy irrigation schemes of Ivory 
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Coast paddy reported Fe-content values ranging from 77 to 137 mg/kg soil (Sahrawat et al., 

2000). 

There are many soil factors that influence Zn availability to plants including high pH, high 

concentrations of phosphate, bicarbonate, Na, Ca, and Mg in the soils solution (Alloway, 2009). 

Rice (paddy) is a highly susceptible crop to Zn deficiency (Alloway, 2009). 

A study conducted in Poland, found soil Zn levels ranging between 8.2 and 92.3 mg Zn per kg 

soil. The mean value was 41.2 ± 24.4 mg/kg whereas the median was 38.05 mg/kg (Kabala & 

Singh, 2001). Another study conducted in China obtained soil Zn concentration in the range of 

19.8 to 119 mg/kg soil, with a mean value of 65.5 ± 22.2 mg/kg soil. The median Zn 

concentration in the soils was found to be 61.8 mg/kg (Wang et al., 2003). Although the mean 

and somehow the median values in these studies are comparable to those obtained in the present 

study, the deviations are not. The soils in the present study may not be Zn-deficient, but it is 

probable that plot-to-plot variations in paddy yields may be attributable to the variations in soil 

Zn content.  

Soil N is an important macro-nutrient for plants. Soil N deficiencies lead to poor crop 

production. Excess N in the environment leads to environmental degradation. Elevated N levels 

may result into paddy lodging and eutrophication of disposed drainage water (Choudhury & 

Kennedy, 2005; Corbin et al., 2016). The source of N in paddy soils is either through natural 

supply or by addition through synthetic NPK or organic fertilizers. The amount of N naturally 

available in the soils is usually insufficient to support paddy growth. In most cases, supply of 

N to the soils through fertilizers is thus inevitable. Soil N content vary from place to place due 

to many factors such as soil type, soil pH, type and amount of fertilizer used, organic carbon 

content, and climate. In Hunan province of China, a long-term study on paddy soils was 

conducted in areas with subtropical climate (Qaswar et al., 2019). The initial soil properties 

indicated total nitrogen (TN) levels of 1100 and 1250 mg/kg soil. In a different long-term study 

on paddy soils amendment to improve organic carbon and total nitrogen in eight different 

regions in China, the initial soil TN reported ranged between 920 and 2720 mg/kg soil (Tong 

et al., 2009). 

In the present study, the mean soil TN value was 1232 ± 540 mg/kg. The median value was 

1293 mg/kg. The mean and median values were in similar magnitude, although the standard 

deviation from the mean was high. The soil TN-content values ranged from 86 to 2155 mg/kg. 
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Although the range in paddy soil TN-content in the present study seems broad, the median 

value indicates that most soil samples had TN concentration around 1293 mg/kg. These values 

are similar to the values reported in the paddy soils of subtropical China (Tong et al., 2009; 

Qaswar et al., 2019). However, plot-to-plot variations in TN levels for the present study are 

still high. Poor on-farm practices related to agricultural inputs such as synthetic fertilizers, 

organic fertilizers and pesticides may contribute to the observed variations. Such practices are 

known to cause economic and environmental problem in the agricultural sector (Ju et al., 2009). 

After nitrogen, soil phosphorus (P) ranks second as the most essential nutrient for plant growth 

(Ahmed et al., 2019). Similar to N, excess use of P through fertilizer has negative effects on 

the natural environment. It is therefore imperative to monitor the levels of phosphorus in paddy 

soils. Although paddy soil total P-content may be high, only 0.1% of total phosphorus is usually 

available for plant uptake (Khan et al., 2017). Historical data for tropical Asia indicate that in 

the 1970s the average paddy soil total phosphorus (TP) in nine Asian countries was 837 ± 668 

mg/kg; range in TP concentration was from 10 – 5530 mg/kg soil (Kawaguchi & Kyuma, 1975) 

In the present study, the soil available P (Olsen P) was analyzed. A recent study done for rice 

production indicated an average Olsen P value of 3.4 mg/kg (Shi, 2015). When compared the 

values obtained in another study done at Rothamsted in the UK, it is obvious that the Olsen P 

values in this study are extremely high (Syers, 2008). The high Olsen P may have had a 

negative impact on paddy yields. On-farm management that targets sustainable use of P-

fertilizers in the studied area is therefore highly recommended. Sustainable application of P-

fertilizers is recommended because of three main reasons. First, to improve paddy soil P-

content in the area, hence improve crop yields. Second, globally, phosphate-containing rocks 

from which P-fertilizers are manufactured are rapidly declining (Cordell et al., 2009). The 

economic application of P-fertilizers. 

Another highly essential plant macronutrient is potassium (K). An appropriate supply of K to 

plants is known to improve plants’ root growth and to improve plant vigor as it helps in 

preventing lodging and improving plant’s resistance to diseases and pests. Potassium is highly 

mobile in both the soil and plant body. In spite of its importance to soil and plants, studies 

emphasizing on the supply of K to soil and plants are sparse (Li et al., 2018). Most studies aim 

at the supply and management of N and P. A previous study on potassium in soils and crops of 

India has recorded K in soil solution ranging between 1 and 10 mg/kg (Sekhon, 1999). 
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Slaton et al. (2009) recommended soil K level of > 130 mg/kg for improved paddy productivity. 

It is obvious that the values obtained in the current study are too low to support good paddy 

yields. The observed low and highly varied yields among smallholder farmers at the study site 

may be attributable to low availability of potassium in the soils.  

4.2.3 Farmers’ survey 

Farmers’ survey was conducted to determine agronomic practices in the study area. This was 

done to give an indication of how the farms in the study area are taken care. No statistical 

analysis was done on the obtained data. Out of 56 farmers who participated in the survey, 20% 

grew Saro 5 paddy variety while 80% grew IR 64 paddy variety. Respondents’ data analysis 

found that Saro 5 variety’s productivity ranged from 0.4 to 1.8-ton ha-1 while IR 64 ranged 

from 0.7 to 3.8 ton ha-1. Respondents pointed out that they use urea-based fertilizers to enhance 

paddy growth. They also use various pesticides to control diseases and pests. The farmer’s 

gender, age, and education level did not correlate with paddy productivity. Also, type of 

pesticides and fertilizers had no correlation with paddy productivity.  
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1  Conclusions 

This study investigated how irrigation water quality, irrigated soils and farmers’ biodata and 

practices may be influencing paddy productivity at an irrigation scheme near the foot of Mt. 

Kilimanjaro, Tanzania. Irrigation water quality parameters such as SAR, EC, B, and   

were found in levels that may have negative influence on paddy productivity in the studied 

area. Levels of pH, trace elements, chloride and sodium ions in the irrigation water were 

normal. 

Soil parameters indicated high variability in content. Soil Fe and Zn, very important soil 

micronutrients, were highly varied from plot to plot. It was further found that Fe soil content 

in the studied area compared to other similar places is probably Fe-deficient. Total soil nitrogen 

was also highly variable among the analyzed samples. Furthermore, phosphorus (measured as 

Olson P) was too high in the present study area compared to other studies conducted in paddy 

soils.  

Poor irrigation water quality and high variability in the irrigated soils may be causing observed 

general poor yields and plot-to-plot yield differences. It seems that farmers at the current study 

site work individually. They make individual decisions on how to apply agricultural inputs and 

how to conduct on-farm activity management. This is evidenced by the variabilities in paddy 

yields at the studied site. It is also evidenced by variabilities in the irrigated soil and irrigation 

water quality.  

5.2  Recommendations 

A further study on how agricultural extension services are offered at this irrigation scheme is 

highly recommended. Also, a plot-by-plot long-term study of on-farm practices would generate 

more information on the reasons for poor and varied paddy yields. Finally, training on the best 

agronomic practices to both extension officers and farmers is important for better and 

sustainable paddy yields. 
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APPENDICES 

The following tables contain data from the field site at Kivulini Irrigation Scheme in 

Kilimanjaro region of Tanzania. These raw data complement the analyzed information 

presented in this dissertation. 
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Appendix 1: Results of physicochemical properties of irrigation water at the study area, Kivulini Irrigation Scheme in the Kilimanjaro 

region of Tanzania 

Sample ID 
pH 

EC 

(µs/cm) 

Temp 

(⁰C) 

DO 

(%) 

DO 

(mg L-) 

ORP 

(mV) 

Salinity 

(PSU) 

NO3
 – N 

(Mg L-) 

P 

(Mg L-) 

SO₄2- 

(Mg L-) 

Cl⁻ 
(Mg L-) 

HCO₃ - 

(Mg L-) 

Na+      

(Mg L-) 

K+         

(Mg L-) 

Ca2+ 

(Mg L-) 

Mg2+       

(Mg L-) 

B(Mg 

L-) 

Levels in field samples 
WS-1 7.36 662 21.8 80.2 6.47 24.2 0.28 1.2 0.18 6 0.1 310 11.69 2.05 55.08 26.24 1.2 

WS-2 7.42 925 21.6 84.2 6.81 -3.5 0.39 1.1 0.21 3 0.1 460 22.8 4.71 69.09 31.59 0.4 

WS-3 7.41 823 21.7 79.22 6.41 14.2 0.35 1.1 0.14 8 0.2 310 35.2 7.41 28.01 43.25 1.3 

WS-4 7.35 670 21.2 81.3 6.64 0.1 0.28 0.4 0.24 0 0.1 230 7.41 1.41 34.93 33.53 3.9 

WS-5 7.23 711 22.7 65.7 5.37 55.3 0.3 0.1 0.25 0 0.1 300 13.65 2.58 28.11 32.81 0.8 

WS-6 6.93 958 24.6 71.12 5.09 37.3 0.4 0.3 0.57 7 0.1 260 19.77 3.06 65.91 39.37 0.8 

WS-7 7.33 1132 21.9 63.3 5.09 19.6 0.54 0.3 0.82 0 0.2 290 56.2 3.76 28.83 31.59 0.8 

WS-8 6.91 930 25.7 70.6 5.73 19.6 0.39 0.2 0.19 1 0.3 380 11.39 1.78 65.06 24.3 0.2 

WS-9 6.9 923 25.9 73.6 5.74 21.9 0.39 0.0 0.17 7 0.1 300 15.31 2.05 80.3 30.62 9 

WS-10 6.82 994 25.7 81.3 5.49 29.2 0.42 0.2 0.95 1 0.2 320 23.58 3.29 52.1 31.59 1.4 

WS-11 7.28 1462 22.3 53.1 4.21 19.3 0.69 0.5 0.39 0 0.1 550 24.05 3.97 101.1 39.85 3.3 

WS-12 6.58 1365 21.7 48.7 2.39 -80.1 0.65 0.5 0.82 0 0.2 460 25.48 3.35 52.61 75.33 0.2 

WS-13 6.56 820 24.4 73.9 5.54 10.6 0.35 0.5 0.21 6 0.3 260 19.03 3.63 31.3 21.87 0.4 

WS-14 6.27 836 23.5 53.3 4.15 45.1 0.35 1 0.24 5 0.1 210 16.87 3.21 28.14 24.3 2.5 

WS-15 6.49 953 22.3 10.9 0.7 -64.7 0.4 0.1 0.23 8 0.2 360 13.09 2.49 70.7 31.59 3.7 

WS-16 6.52 1053 23.38 37.9 1.91 -79.5 0.5 0.5 0.19 7 0.1 650 12.21 2.03 140.06 35.96 1.0 

WS-17 6.33 1198 29.3 35.7 2.42 -24.9 0.57 0.5 0.22 0 0.4 650 39.98 12.46 122.55 30.38 1.8 

WS-18 6.5 1085 28.28 30.1 2.1 29.6 0.51 1.2 0.19 0 0.2 300 26.6 6.78 34.07 43.25 1.6 

WS-19 6.28 953 28.5 18.6 1.33 -18.1 0.4 0.5 0.19 0 0.5 360 13.09 3.09 65.53 23.09 1.3 

WS-20 6.33 891 28.4 5.27 0.36 -21.5 0.37 0.5 0.19 2 0.1 390 19.66 4.34 72.9 27.95 2.9 

WS-21 6.27 823 22.6 78.6 6.21 23.6 0.35 1.3 0.16 8 0.1 260 9.41 4.45 25.45 66.58 1.4 

WS-22 6.25 820 23.75 79.3 6.3 49.7 0.34 1.3 0.2 8 0.2 310 3.61 4.82 51.5 27.22 0.5 

WS-23 6.23 979 29.7 7.9 0.12 -17.6 0.41 0.5 0.11 0 0.1 390 4.36 5.48 64.13 34.02 0.8 

WS-24 6.3 976 28 65.4 4.28 -31.2 0.41 0.2 0.22 3 0.4 330 3.41 4.02 52.1 35.48 1.7 

WS-25 6.25 975 26.9 66.4 4.85 12.9 0.41 0.1 0.33 0 0.1 290 23 6.66 15.49 34.02 1.0 

WS-26 6.43 1159 21.7 24.1 1.92 -81.4 0.35 0.3 0.17 0 0.1 420 5.43 4.47 58.5 39.37 0.3 

WS-27 6.63 1515 20.5 4.9 0.4 -112.5 0.74 0.4 0.76 1 0.4 620 28.9 2.57 82.1 52.25 0.1 

WS-28 6.55 1027 20.4 34.3 2.8 -78.9 0.49 0.4 0.22 1 0.1 460 23.38 4.81 57.28 39.37 0.3 

WS-29 6.8 862 20.4 59.3 4.89 -85.9 0.36 0.0 0.21 1 0.1 360 16.99 2.33 60.12 30.13 0.5 

WS-30 6.75 990 21.6 73.5 5.95 -18.2 0.41 0.3 0.21 1 0.2 310 16.09 2.21 38.33 30.13 1.1 

WS-31 6.62 1169 22.2 27.6 2.12 -64.2 0.55 1.2 0.22 1 0.1 500 11.63 2.05 68.09 23.09 0.4 

WS-32 6.54 1369 21.7 1.5 0.11 -77.1 0.64 1.0 0.31 2 0.1 490 9.2 1.36 76.15 52.97 1.8 

WS-33 6.4 656 21.03 83.9 6.85 -13.2 0.27 0.2 0.51 3 0.1 320 15.66 3.25 68.12 24.3 3.7 

WS-34 6.85 705 22.8 90.1 7.14 -17.9 0.3 1.9 0.36 3 0.2 310 11.53 2.39 16.54 44.96 0.5 

WS-35 6.33 658 21.7 80.3 6.49 22.1 0.28 0.2 0.22 4 0.1 250 9.67 2.28 44.09 23.09 1.8 

WS-36 6.27 669 23.8 67.8 4.13 18.9 0.28 0.6 0.21 1 0.1 300 8.85 1.75 40.73 28.19 0.6 

WS-37 6.33 786 21.7 68.3 5.4 28.4 0.33 0.1 0.25 2 0.1 440 12.59 1.66 84.88 34.99 2.4 
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Appendix 2: Results for concentration of selected heavy metals and metalloids in 

irrigation water samples collected in the study area, Kivulini Irrigation 

Scheme of Kilimanjaro region, Tanzania. Total number of samples, N = 37 

Sample 

ID 

As  

(mg L-1) 

Cd  

(mg L-1) 

Mo  

(mg L-1) 

Zn2+  

(mg L-1) 

Mn2+  

(mg L-1) 

Fe  

(mg L-1) 

Ni   

(mg L-1) 

Pb2+  

(mg L-1) 

Cr2+ 

(mg L-1) 

Al3+  

(mg L-1) 

Cu2+  

(mg L-1) 

Levels in field samples 

WS-1 BDLa BDL 0.01 0.22 BDL 2.01 0.11 0.12 0.01 1.1 0.01 

WS-2 BDL BDL BDL 0.29 BDL 0.96 0.06 0.34 0.08 1.2 0.01 

WS-3 BDL BDL 0.01 0.22 BDL 0.28 0.07 0.35 0.03 0.91 0.03 

WS-4 BDL BDL 0.01 0.87 0.07 1.34 0.1 0.42 0.05 0.82 0.08 

WS-5 BDL BDL 0.01 0.85 0.02 1.24 0.08 1.45 0.04 1.12 0.01 

WS-6 0.02 BDL BDL 0.91 BDL 0.59 0.05 1.54 0.01 1.23 0.02 

WS-7 0.01 BDL BDL 1.61 BDL 0.35 0.05 1.82 0.01 0.52 0.06 

WS-8 BDL BDL BDL 1.05 0.03 0.82 0.03 0.64 0.01 0.82 0.01 

WS-9 BDL BDL BDL 0.17 BDL 0.27 0.04 0.85 0.02 1.23 0.01 

WS-10 BDL BDL BDL 0.23 0.06 0.62 0.04 1.68 0.02 1.5 0.01 

WS-11 BDL BDL 0.01 0.14 BDL 0.96 0.01 2.24 0.02 1.21 0.01 

WS-12 BDL BDL 0.01 0.12 BDL 1.25 0.02 0.84 0.02 0.51 0.01 

WS-13 BDL BDL BDL 0.58 0.09 1.33 0.06 0.75 0.05 0.62 0.01 

WS-14 BDL BDL 0.01 0.79 0.11 1.07 0.05 1.26 0.03 0.18 0.01 

WS-15 BDL BDL 0.01 0.81 0.08 0.80 0.02 1.87 BDL 0.26 0.01 

WS-16 BDL BDL BDL 1.18 0.05 0.72 0.07 1.83 BDL 0.16 0.01 

WS-17 BDL BDL BDL 0.12 0.07 0.56 0.05 0.74 BDL 0.29 0.04 

WS-18 BDL BDL BDL 0.13 0.06 0.13 0.08 0.53 BDL 0.85 0.12 

WS-19 BDL BDL BDL 0.02 0.05 0.35 0.04 1.84 BDL 0.96 0.14 

WS-20 BDL BDL BDL 0.26 0.04 0.54 0.04 1.34 0.04 1.09 0.01 

WS-21 BDL BDL BDL 0.24 0.04 0.67 0.05 1.5 0.03 1.02 0.09 

WS-22 BDL BDL BDL 0.16 0.07 0.61 0.04 1.73 0.04 0.97 0.06 

WS-23 BDL BDL BDL 0.31 0.05 0.61 0.09 1.25 BDL 0.12 0.04 

WS-24 BDL BDL BDL 0.28 0.07 1.90 0.04 1.63 0.03 0.15 0.01 

WS-25 BDL BDL BDL 0.11 0.08 1.28 0.04 1.27 0.02 0.08 0.03 

WS-26 0.02 BDL BDL 0.12 0.01 0.56 0.02 1.91 0.01 0.05 0.02 

WS-27 BDL BDL BDL 0.12 0.08 0.14 0.02 0.97 0.01 0.63 0.02 

WS-28 BDL BDL BDL 0.96 0.04 0.23 0.01 1.27 0.04 0.52 0.01 

WS-29 BDL BDL BDL 1.08 0.05 0.32 0.01 1.81 0.02 1.43 0.01 

WS-30 BDL BDL BDL 1.19 0.07 0.26 0.14 0.96 0.02 1.59 0.03 

WS-31 BDL BDL BDL 0.88 0.07 0.87 0.07 0.53 0.04 1.45 0.04 

WS-32 BDL BDL BDL 0.72 0.04 0.91 0.1 0.52 0.04 2.08 0.09 

WS-33 BDL BDL BDL 0.42 0.07 1.34 0.02 0.45 0.03 1.57 0.06 

WS-34 BDL BDL BDL 0.10 0.08 2.19 0.03 0.36 0.02 0.96 0.04 

WS-35 BDL BDL BDL 0.61 0.01 1.98 0.06 0.42 0.04 0.85 0.04 

WS-36 0.01 BDL BDL 0.37 0.07 1.53 0.10 0.73 0.02 0.89 0.05 

WS-37 BDL BDL 0.01 0.61 0.11 1.63 0.07 0.36 0.02 0.54 0.01 

aBDL = levels were below detection limit 
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Appendix 3: Results for soil samples physico-chemical analyses for a total of 61 samples 

collected at a study area in Kivulini Irrigation Scheme, Kilimanjaro, 

Tanzania 

Sample ID 
EC (µs cm-1) pH OC (%) K (mg kg-1) Fe (mg kg-1) Zn (mg kg-1) P (mg kg-1) N (mg kg-1) 

Levels in field samples 

S1 930 7.63 1.3 13.13 8.32 98.13 125.372 1340 

S2 195 7.51 1.6 13.67 6.61 110.23 127.122 1379 

S3 776 7.92 1.5 18.46 5.92 76.95 234.388 690 

S4 247 7.66 2.4 11.01 61.73 204.09 230.852 1552 

S5 387 7.61 2.4 12.13 3.84 15.18 172.307 2069 

S6 240 9.48 2.3 12.09 4.27 39.54 235.174 2155 

S7 404 7.58 2.2 20.12 5.51 90.17 142.446 1465 

S8 236 7.59 2.3 11.70 13.19 128.20 178.201 1983 

S9 323 7.65 2.4 13.48 3.28 72.42 159.341 2069 

S10 338 7.71 2.3 11.37 15.92 35.41 355.014 2069 

S11 320 8.23 2.3 11.34 5.01 83.36 227.709 1983 

S12 380 7.94 2.1 13.14 3.86 70.91 234.781 1810 

S13 346 7.77 1.2 14.26 4.13 68.37 198.371 1780 

S14 546 6.49 0.9 11.54 7.01 15.97 116.120 776 

S15 498 7.27 1.2 10.73 17.18 43.84 182.523 172 

S16 390 6.89 1.6 13.48 14.97 21.57 199.026 1379 

S17 523 7.45 1.5 15.48 43.55 23.01 125.943 1293 

S18 564 7.76 2.1 18.49 4.88 148.17 136.159 1810 

S19 303 7.33 2.3 13.90 3.64 35.54 129.479 1896 

S20 220 7.69 2.1 12.028 10.81 48.72 170.736 1810 

S21 322 6.81 0.3 11.604 169.49 49.52 133.016 1983 

S22 480 7.41 0.2 11.543 4.84 67.90 678.952 1509 

S23 296 6.31 0.1 13.812 9.48 12.78 136.159 86 

S24 395 8.14 1.3 16.182 4.43 17.97 166.807 690 

S25 511 7.41 1.3 11.543 4.84 67.90 122.407 1509 

S26 636 6.31 1.2 11.694 22.88 169.74 481.533 1034 

S27 542 8.14 1.5 12.240 3.76 44.33 234.781 1293 

S28 1925 7.85 0.7 16.433 169.49 94.65 946.547 603 

S29 513 8.04 0.9 16.433 5.00 94.65 433.990 603 

S30 573 7.82 1.6 24.073 14.90 109.01 410.415 1379 

S31 373 10.09 1.3 15.107 3.42 39.94 384.875 1121 

S32 353 7.72 1.5 11.374 2.66 51.12 373.874 1293 

S33 265 7.91 1.6 15.110 5.95 22.36 397.449 1983 

S34 398 7.22 0.9 15.919 3.28 5.59 423.381 776 

S35 307 8.66 1.2 15.264 5.47 5.37 396.381 572 

N1 285 8.23 1.4 22.750 11.26 8.78 168.771 578 

N2 488 8.1 0.5 14.538 58.83 37.14 173.486 431 

N3 320 7.95 0.5 13.863 42.47 35.39 171.027 376 

N4 582 8.03 1.2 13.772 4.26 13.98 166.807 517 

N5 600 8.1 1.6 49.855 35.82 26.36 156.591 1379 

N6 306 7.48 1.6 9.970 7.40 20.77 117.692 1552 

N7 930 8.03 1.7 15.408 6.85 28.75 136.945 1896 

N8 195 7.14 1.4 12.773 8.12 25.56 109.048 1034 

N9 776 8.05 1.2 13.372 9.13 27.37 113.352 132 

N10 247 7.44 1.2 17.627 24.45 63.50 136.945 1034 

N11 387 8.87 1.5 8.899 154.85 146.18 144.410 1293 

N12 240 7.01 1.4 15.373 7.89 5.48 386.447 862 

N13 404 7.14 1.4 12.438 16.64 18.37 151.090 1207 

N14 236 6.75 1.4 9.181 21.19 8.39 108.262 1422 

BG1 323 8.2 1.6 9.036 16.90 15.27 116.298 1450 

BG2 338 7.77 1.8 9.027 7.80 42.27 142.522 1270 

BG3 320 7.74 1.5 9.082 4.30 46.73 151.483 1164 

BG4 380 7.79 1.2 10.724 7.29 36.27 165.922 1030 

BG5 346 7.72 1.0 11.642 34.78 20.37 184.488 862 

BG6 546 8.14 1.3 10.528 3.42 29.95 199.419 1034 

BG7 498 8.02 1.1 10.289 3.98 41.14 190.382 948 

BG8 390 7.89 1.0 8.830 3.49 12.65 233.209 1552 

BG9 523 7.66 1.1 12.865 16.51 23.56 177.808 948 

BG10 564 7.7 0.9 11.119 11.38 71.09 280.359 1621 

BG11 303 7.49 0.6 10.375 7.93 3.99 134.980 776 

BG12 220 7.84 0.8 15.373 11.38 5.48 54.785 862 
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