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ABSTRACT 

Despite being widely practised technique by smallholder farmers, cut-off technique continues 

to register low productivity and has not been adequately investigated to improve the status quo. 

This study aimed to investigate the scenarios to improve water use efficiency and productivity 

for the cut-off irrigation technique. Three cut-off treatments where water supply was stopped 

with the advance phases reaching 75%, 80% and 90% of furrow length were investigated with 

eight irrigation events. The crop grown under these scenarios was maize. Soil analysis showed 

that in all the three subplots, the soils were sandy loam with an average of 69% sand and 31% 

silt. The initial soil moisture content was 14% and other corresponding moisture properties 

were 33.5 mm/hr infiltration rate, 9% permanent wilting point and 12% available moisture. 

Mean application efficiencies with significant differences (P<0.05) of 70%, 66.4% and 63% 

were achieved for the 75%, 80% and 90% length treatments respectively. Corresponding 

uniformities and water productivities of 90%, 89.9%, 89.2% and 1.54 kg/m3, 1.38 kg/m3, 1.18 

kg/m3 respectively were obtained with no significant difference (P>0.05). The results 

demonstrated the 75% c u t - o f f  has the potential of saving water of up to 26% without 

compromising water productivity. It is recommended therefore that the 75% cut-off position of 

water supply be promoted among the smallholder farmers and that research studies should now 

be carried out for less than 75% cut-offs. 
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CHAPTER ONE  

INTRODUCTION 

1.1 Background of the Problem 

Worldwide, agriculture accounts for about 70 % of all freshwater withdrawals (Calzadilla et 

al., 2010). In dry areas such as Middle East and North Africa, irrigation do take up to 95% of 

all water withdrawn (Boutraa, 2010) and in East Africa, withdrawals for irrigation are up to 

87% (Global Water Partnership, 2015). With undependable rain-fed agriculture, agricultural 

policies of most developing countries are aligned to improving and upscaling irrigated 

agriculture (Siebert et al., 2013) to improve peoples’ livelihoods and food security. 

In expanding irrigation, surface irrigation systems remain widely practised by both commercial 

and smallholder farmers. Water is supplied to the farmland through a network of distribution 

and feeder canals and water flows through them by gravity. It is a preferred method over other 

methods such as drip, sprinkler and centre pivots because of its simplicity in terms of operation 

and maintenance and less capital investment (Elsheikh et al., 2014) . Furrow irrigation is one 

kind of surface irrigation where water is supplied to the field from a feeder canal through 

narrow depression channels known as furrows dug at specified and usually equal intervals, with 

a nearly uniform slope (Assefa et al., 2017; Elsheikh et al., 2014). As water flows through these 

furrows, it infiltrates the soil and spreads laterally to saturate the root zone of the crops.  

Surface irrigation in general and furrow irrigation system in particular has low water 

application efficiency and productivity. Depending on different climatic conditions, soils and 

crop characteristics, and water management practices application efficiency for conventional 

furrow irrigation usually ranges from 45% to 65% (Irmak et al., 2011). This in turn reduces the 

water productivity of furrow irrigation system greatly. With the continued dwindling of water 

resources, improvements in the existing water application methods and water management 

practices are therefore more critical than before (Sarwar et al., 2001).   

A number of studies (Assefa et al., 2017; Manabaev et al., 2015; Öztekin, 2013; Yonts et al., 

2003) all have investigated on effects of physical parameters such as slope, furrow length and 

flowrates on water application efficiency, distribution uniformity and productivity. Similarly 

there are several irrigation methods, which have been investigated and have proved to improve 

efficiency in furrow irrigation. These methods include surge flow, cut-off, cut-back and bunds 
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(Bishop et al., 1981; Elsheikh et al., 2014; Salahou et al., 2016; Trout, 1990; Walker & 

Skogerboe, 1987). Bishop et al. (1981) defined surge irrigation as ‘the intermitted application 

of irrigation water creating series of on and off moves at constant or variable time spans’, a 

method introduced by in 1979 by String ham and Kelly.  Bunds are strips constructed along the 

furrow run to increase the time interval between water application and infiltration. Cut-back 

principle involves applying a large initial non eroding flow rate in which water which can reach 

the tail end of the furrow in a short period, then thereafter the inflow rate is reduced to nearly 

as the infiltration rate of soils forming the furrow (Trout, 1990; Walker & Skogerboe, 1987). 

With the cut-off irrigation method the practice is to stop the water supply at the head of the 

furrow when the advance wetting phase reaches about three quarters of the furrow length 

(Elsheikh et al., 2014; Issaka et al., 2015) and the recession flow will continue to wet the 

remaining part of the furrow. 

With reported efficiencies of as low as 45 % (Irmak et al., 2011), investigations on ways of 

improving water use efficiency and productivity in furrow irrigation are more crucial than ever 

in these times of continued dwindling of water resources. This study, therefore, aimed at 

investigating scenarios in the cut-off irrigation technique to improve water application 

efficiency, distribution uniformity, and productivity. 

1.2 Statement of the Problem 

Despite the reported low water efficiency, furrow irrigation is still widely practiced by both 

commercial and smallholder farmers. Among the techniques tried and tested to improve 

application efficiency and distribution uniformity is the cut-off irrigation technique which is 

adopted by most smallholder farmers. The other techniques such as surge and bunds have been 

largely adopted because these methods are perserved costly to smallholder farmers as they 

require additional labour for controlling the on and off supply and for making bunds in furrows. 

In addition the techniques require presence of measuring equipment and able to deliver the 

varying amounts of water in temporal space as designed.   

Studies (Elsheikh et al., 2014; Issaka et al., 2015; Mohammed et al., 2015), have reported 

lowest figures application and distribution efficiencies in cut-off irrigation technique among 

the tested techniques. In the cut-off technique, field experience has shown that most of the 

smallholder farmers apply water up to the end of the furrow or somewhere around 90 percent 

length of the furrow run before the water is cut off at the head of the furrrow. This practice 
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results into water loss due to runoff and deep percolation. This not only reduces the crop water 

productivity but also deprives the other users the right to use the resource. Little has been 

documented on the cut-off method regarding the effect on water saving and productivity when 

water supply is cut-off with the advance phase reaching various positions along the furrows. 

This study therefore aimed at investigating the effect of cutoff position on water application 

efficiency, distribution uniformity and productivity through a field experiment. 

1.3 Rationale of the Study 

In irrigated agriculture, for so long, emphasis has been on land productivity, that is yield per 

unit area but it is high time more emphasis should be on water productivity with the ever 

dwindling of water resources. 

There are many campaign messages on the need to adopt water efficient technologies such as 

drip, sprinkler and centre pivot irrigation systems but their adoption rate among smallholder 

farmers remains very low mainly owing to their high operational and maintenance 

requirements. As such surface furrow systems are still highly practiced by resource constrained 

smallholder farmers. Cutoff technique is in use but is not widely studied to improve water 

efficient and productivity. 

The study findings would provide an opportunity for smallholder farmers on how to improve 

desirable water application efficiency, distribution uniformity and ultimately maximize 

production from their fields even without land levelling. The finding would also be a basis for 

further studies on the area. 

1.4 Research Objectives 

1.4.1 General Objective 

To investigate the effect of varying water application cut off position along furrows on water 

application efficiency, distribution uniformity and productivity in a furrow irrigated maize 

field. 

1.4.2 Specific Objectives 

(i) To estimate the crop water and irrigation requirements for maize crop 

(ii) To establish the variations in water application efficiency and distribution uniformity 
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in varying water application cut off position along furrows. 

(iii) To establish water productivity in the three irrigation treatments. 

1.5 Research Questions 

(i) What amounts of water does the maize crop require over its growing season? 

(ii) What are the variations in water application efficiency and distribution uniformity in 

varying water application cut off position along furrows? 

(iii) What is the impact on water productivity in the three irrigation treatments? 

1.6 Significance of the Study 

In irrigated agriculture, for so long, emphasis has been on land productivity, that is production 

per unit area cultivated, but it is high time more emphasis should be on water productivity with 

the ever dwindling of water resources (Oweis, 2014). The fast-growing population and 

improvement in living standards have raised the amount of water demand in industrial and 

domestic needs, leaving even less water to the agriculture industry. Despite other high water 

efficient irrigation systems such as drip and overhead sprinklers, smallholder farmers continue 

to prefer the surface furrow or basin system because of their low operation costs amid 

cultivation of low value crops.  

The study findings will provide an opportunity for smallholder farmers how to improve 

desirable water application efficiency and distribution uniformity and ultimately maximize 

productivity from their fields in water-stress environments. The findings would also be a basis 

for further studies in this field of irrigation water management. 

1.7 Delineation of the Study  

This research study was carried to investigate effect of varying cut-off positions of irrigation 

water in furrow system on efficiency, distribution uniformity and productivity. A field 

experiment was mounted to collect data that was needed for this investigation. Three 

replications were used to get well balanced data set water applied, water consumed and crop 

yield.  
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CHAPTER TWO 

LITERATURE REVIEW 

For long-term functioning of an irrigation system, improvements in the existing methods of 

water application and water management practices appear more to be more crucial (Sarwar et 

al., 2001). Efforts have in recent years intensified in identifying and utilization of most efficient 

water application methods to increase water use efficiency and productivity. At farm level, 

water application efficiency and water distribution uniformity are the two irrigation 

performance indicators of water use efficiency and productivity.  

Water application efficiency (Ea) is a measure of the portion of the total amount of water 

delivered to the field that is kept in the crop root zone to meet the crop water requirements 

(Irmak et al., 2011) and usually expressed as percentage. Ea pertains to an individual irrigation 

event. On the other hand, Water distribution uniformity (WDU) in irrigation is defined as the 

average infiltrated depth of water in the low quarter of the field divided by the average 

infiltrated depth over the whole field (Irmak et al., 2011; Walker, 1989). The key characteristic 

of irrigation is uniform distribution of applied water within the entire root zone, as uneven 

water distribution brings unwanted outcomes such as crop stress and salt accumulation. Both 

water application efficiency and distribution uniformity affect the crop yields subsequently 

affecting the overall water productivity. In crop production, water productivity (WP) defines 

the relationship between crop produced and the amount of water used expressed as a ratio of 

yield of the crop to the amount of water consumed by the crop  in a growing season (Ali & 

Talukder, 2008). It is expressed as a ratio of crop produce to the amount of water consumed by 

the crop during its growing season (Molden et al., 2010). Water productivity is an important 

indicator assessing the efficient use of water. It is also a basis for virtual water trading at the 

global, regional or local level (Liu et al., 2007).   

2.1 Crop Water Requirements and Irrigation Requirements 

Crop water requirement refers to amount of water that should be supplied from the source while 

crop evapotranspiration is what is released by the crop for tissue growth. The crop water 

requirement module includes calculations, producing the irrigation water requirement of the 

crop daily and over the total growing season as variance between the crop evapotranspiration 

under standard conditions. From the crop coefficient (Kc) and reference evapotranspiration 



6  

(ETo), the CROPWAT through the crop module calculates crop evapotranspiration (ETc) 

through the relationship ETc =Kc x ETo 

The Food and Agriculture Organisation (FAO) developed CROPWAT, a software that has been 

very important tool in coming up with comprehensive crop water requirements and irrigation 

schedule for a variety of crops. The software uses climate data (temperature, solar radiation, 

relative humidity, wind speed and sunshine hours) to estimate reference evapotranspiration 

(ETo), rainfall data, soil water data and crop data.  

From the effective rainfall and crop water requirements, the CROPWAT estimates how much 

water should be supplied though irrigation as irrigation requirements. Should the effective 

rainfall be equal to or above crop water requirements (typical in wet season), the software 

indicates no requirement for irrigation. 

Several crop water requirements and irrigation schedules have been developed for various 

crops and various places using different versions of CROPWAT  (Adeniran et al., 2010; Kore 

et al., 2017; Nithya et al., 2015; Saravanan & Saravanan, 2014).  

2.2 Water Use Efficiency and Distribution Uniformity 

In furrow irrigation, furrow characteristics (length and slope), irrigation technique (cut-back, 

bunds, surge and cut-off), soil conditions, crop type and weather conditions all affect water 

application efficiency and distribution uniformity and subsequently water productivity. 

2.2.1 Varying Furrow Length 

Several studies have conducted studies on the effect of furrow length have found varying but 

comparable results. Assefa et al. (2017) found the average DU of 88.15%, 86.28%, and 

85.33%, for furrow lengths of 100 m, 150 m, and 200 m respectively indicating longest furrows 

had lowest DU and vice versa for the furrow length as a standalone varied parameter. Manabaev 

et al. (2015) reported that varying furrow length between 100 m and 200 m had resulted in 

distribution uniformities ranging 0.5 to 0.7 which on the contrary indicates that with longer 

furrows had higher DU with a loss of crop yields ranging from 2% to 15%. Similar findings 

were reported by Feyen and Zerihun (1999).  

Another study conducted by Mekonen (2006 ) found out the average application efficiency of 

40.46%, 33.6% and 28.9% for furrow lengths of 50 m, 35 m and 24 m, respectively. As for the 
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irrigation distribution uniformity 99.2%, 86.9% and 93.35% were achieved for the 50 m, 35 m 

and 24 m furrow lengths, respectively. Similarly, Eshetu (2007) found higher application 

efficiencies for 40 m furrows followed by 25 m furrows and finally lowest efficiency was for 

the 10 m furrows. 

The studies, which have found the lower application efficiencies and distribution uniformities 

for longer furrows, all have attributed to the fact that for the longer furrows water takes longer 

time to reach the lower end of the furrow and hence the water tends to infiltrate into deep zone 

in the upper section of the furrow or furrow head. On the other hand, the treatments which had 

combined parameters of furrow length and flow rates, higher efficiencies and uniformities ware 

found in longer furrow length supplied with higher flow rates because with higher flow rates 

water tend to move faster along furrows and thereby taking lesser time to reach the far lower 

end of the furrow(s). This means that the infiltration opportunity time is closer along the 

furrow(s) and thereby making it possible to achieve a higher distribution uniformity. In shorter 

furrows higher flow rates would result in increased runoff loses which would reduce the 

application efficiency and distribution uniformity. These studies however do not specify the 

length of furrow that gives optimum productivity even for respective crops they were 

conducted on. In addition, from experience, farmers make furrows to cover full plot size 

(maximizing land productivity) hence varying furrow length may not be an option that could 

be easily adopted. Also, if shorter furrow lengths are adopted for a bigger field, it means having 

more sub-fields with independent feeder canals for the same size of field to supply water as 

demonstrated in Fig. 1. 

 

Figure 1: Typical modifications made to accommodate shorter furrows, which have 

better water distribution uniformity 
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This could not only mean more developmental costs as well as increased periodic operation 

and maintenance costs to sustain the system but also reducing the net area for production as 

more canal and drainage networks take away some area. Therefore, shortening the furrow 

lengths may not be an obvious option without considering the cons described herein.  

2.2.2 Slope Modification (Land Levelling) 

Assefa et al. (2017) investigated and concluded that water distribution uniformity showed an 

increasing trend as longitudinal slope of the furrow increased. The distribution uniformity 

ranged from 85.9% to 87.4% for corresponding range of longitudinal furrow slopes of 0.05% 

to 0.1%.  

This was so because as the slope increases the advance phase become faster and the infiltration 

opportunity time (IOT) become more uniform. This increased uniformity of IOT leads to 

improvement of DU. Faster movement of applied water on greater slope values has on the other 

hand a possibility of causing non-uniform distribution of nutrients including fertilizers which 

could be washed away to the lower ends of the furrow(s). Land leveling plays a contributing 

factor in the performance of surface irrigation as it helps making land surface even, promoting 

uniform infiltration distribution, thus leading to more uniform crop growth (Li et al., 2001; 

Öztekin, 2013; Pereira et al., 2007; Savva & Frenken, 2002b). Land leveling provides for 

substantial decrease of the irrigation advance time and water required (Miao et al., 2017). The 

process of land leveling in most cases is beyond manual labour and therefore requires 

mechanical equipment. The cost of such mechanical land leveling is quiet substantial, requires 

skilled operators (Miao et al., 2017) and is therefore well beyond the capacity of smallholder 

farmers. Even donor funded irrigation development projects do not factor in land leveling for 

the high costs reason. 

2.2.3 Varying Flow Rate 

Assefa et al. (2017) found water distribution uniformity of 88.76%, 87.14% and 84.03% for 6 

litres/second, 5 litres/second and 4 litres/second, a general increasing trend with increase in 

flow rate for the same reason that with the higher flow rates water tend to move faster along 

furrows and thereby taking lesser time to reach the far lower end of the furrow(s). This means 

that the infiltration opportunity time is closer along the furrow(s) and thereby making it possible 

to achieve a higher distribution uniformity. Similarly, Mekonen (2006 ) found out that the 

application efficiency values of, 36.9%, 32.8% and 32.9% for the flow rates of 0.5 
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litres/second, 0.4 litres/second and 0.3 litres/second respectively. 

However, maintaining constant supply in furrow irrigation can be challenging considering that 

most water conveyance canals have no permanent water measuring structures or devices. In 

addition, the canals are usually in bad shape due to lack of maintenance and this could result 

in losses of water even after passing the measuring devices.  

2.2.4 Surge, Bunds, Cut-backs and Cut-off Irrigation Techniques 

Surge, Bunds, Cut-backs and cut-off are some of the techniques used in furrow irrigation with 

the objective of increase irrigation efficiency. Surge flow is applying water in a series of 

individual pulses with each surge defined by a cycle time (on time and off time). Bunds are 

strips made at some interval along the furrow designed to lengthen the contact time between 

applying the water and infiltration. Cut-back principle is based upon applying an initial large 

but non eroding flowrate which can reach the lower end of the furrow in a short time, then the 

inflow is reduced as close as possible to a stream size equal to the infiltration rate of the furrow. 

For a cut-off irrigation technique, the practice is to stop flow when the advance wetting phase 

reaches a certain percentage of the furrow length. 

The study by Elsheikh et al. (2014) which investigated on furrow lengths of 250 m, 500 m and 

750 m found the highest application efficiency of 74% in surge flow, and the lowest application 

efficiency of 59% in cut-off technique for the 250 m furrows. For the 500 m furrows, surge 

method recorded the highest application efficiency of 79% with cut-off method registering the 

lowermost application efficiency at 42%. In the 750 m furrows surge, cut back, cut-off 

techniques and bunds yielded 62%, 52%, 47% and 36% respectively. In terms of distribution 

uniformities for the four techniques, 250 m furrow registered almost an equal uniformity of 

94%, 93% 92% and 89% for the surge, bunds, cut-back and cut-off technique respectively. For 

the 500 m furrows, cut back and surge techniques registered same uniformity of 93%, cut-off 

gave 80%, while bund technique recorded 91%. Lastly, for the 750 m furrow, surge gave the 

highest uniformity of 94% while cut-off registered the lowest uniformity of 76%. 

In another study by Mohammed et al. (2015) the highest application efficiency of 82% was 

achieved with surge irrigation technique followed by bund at 64%, cut-back at 49% and cutoff 

at 32% respectively. Outcomes of distribution uniformity indicated the highest was for surge 

technique at 98% and then the cut-back (95%), bund (92%), and finally cutoff at 90% 

respectively. 
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From these studies it is evident that the cut-off method gives the lowest application efficiency, 

distribution efficiency and subsequently productivity. However, in other methods which 

reported improved application and distribution efficiencies in surge and bunds/microdam, the 

methods require additional labour for controlling the on and off supply and for making bunds 

in furrows which usually become erodible after each irrigation event. As such the methods are 

not extensively adopted by smallholder farmers practicising furrow irrigation. This aimed at 

investigating three scenarios for the cut-off irrigation technique to improve water application 

efficiency, distribution uniformity and overall water productivity.  

2.3 Crop Water Productivity 

Crop water productivity is the measure of crop yield realized per amount of water consumed 

by the crop in a growing season. Crop water productivity can also be defined and expressed in 

monetary terms as economic return from crop produced per volume of water, expressed in units 

of any currency equivalent, for example TZS/m3 (Igbadun et al., 2006). 

Increasing water productivity in the agricultural sector, helps not only increase crop production, 

but it also ensures that water is made available to other uses in the awake of water shortage 

globally (Letseku & Grové, 2022).   
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CHAPTER THREE 

 MATERIALS AND METHODS 

3.1 Study Area 

The field experiment was carried out at Lekitatu Irrigation Scheme located in Meru district, 

Arusha Region, Tanzania (Fig. 2). The scheme lies between latitudes 3o23'03.8" and 3o25'50.9" 

S, longitudes 36o50'03" and 36o51'50.5" E, and at an average altitude of 1110 m above mean 

sea level. The climate is categorized as semi-arid, with mean annual evaporation of 6.03 

mm/day, with average annual rainfall of 816 mm and a mean annual temperature of 22.4°C. 

The main source of water for the scheme is the Meru Mountains; the study area receives a lot 

of runoff generated in these highlands which, relatively receive higher amounts of rainfall. 

Mains crops grown in Lekitatu Irrigation Scheme include paddy, maize, beans and vegetables. 

Maize crop was chosen for this study after discussion with plot owner and also taking into 

account that maize is usually grown in furrow system. The average yield for maize crop in 

Lekitatu is around 2 tonnes per hectare. 

 

Figure 2: Country and region location of study area 
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Figure 3: Size and location of experimental plot in Lekitatu Irrigation Scheme 

3.2 Methods 

3.2.1 Plot Selection and Layout 

The experimental plot (Fig. 3) was set up in line with the orientation of major and minor slopes 

to achieve best water delivery. The parameter treated was the position of advance phase of the 

water applied along the run of furrow before stopping water supply at the furrow head. There 

were three replica sub-plots (Fig. 4) with similar characteristics such as soil type/properties, 

slope and climatic conditions. Within each sub-plot, there were three furrow sets consisting of 

five furrows each. In each furrow set, the inner three furrows were used for monitoring 

irrigation events and the two outer furrows acted as buffers. A V-notch weir was installed at 

the head of the feeder canal, just before the water reaches the experimental plot, to measure 

incoming flow rate. At the end of the last furrow in each furrow set, a hole was dug out for 

surface run-off collection.  
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Figure 4: Experimental plot layout 

3.2.2 Collection of Topographic, Soil and Climate Data 

(i) Topographic Survey 

The topography of the area was established by use of hand-held GPS for x and y coordinates 

while dumpy level was used to measure the elevations. A measuring tape obtained the 

horizontal distances. The purpose was to establish two slopes, one being the slope running 

from top to lower end of the plot along which the feeder canal was aligned and the other along 

which the furrows would run receiving water from the feeder canal.  

(ii) Soil Sampling 

Before land preparation, 9 stations were located for soil sampling, 3 in each sub-plot. Soil 

samples were taken using soil augers at each of the 9 established sampling stations, 3 in each 

of the sub-plot (Fig. 5). This number was more than enough for this 405 m2 experimental plot 

as for irrigation projects at least 3 stations per hectare (ha) are adequate (Savva & Frenken, 

2002a) Three samples were taken from each pit at the depths of 0-30, 30-60 and 60-100 cm 

(Fig. 6) thereby covering the entire effective root zone for maize crop (Savva & Frenken, 

2002a). The samples were then transported in sealed plastic bags for laboratory analysis. 

Samples from corresponding depths for the pits in a sub-plot were mixed to form composite 

sample for the particular depth(s) and then re-sampling was done for sieve analysis.  

Samples for measurement of bulk density were the undisturbed ones collected from the same 

pits where samples for other analysis such as particle size distribution, pH and EC were 

obtained.   
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Figure 5: Soil sampling positions in the experimental plot 

 

 

Figure 6: One of the pits for soil sampling 

(iii) Laboratory Analysis of Soil Samples 

Soil texture was determined through sieve analysis using standard operating procedure based 

on ASTM 422-63, Standard Test Method for Particle Size Analysis of Soils. An average of 100 

g of air-dried soil re-sampled from composite sample of each depth was passed through and 
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separated through a series of sieves ranging from 2 mm to 15 µm openings, decreasing in 

opening sizes from the top to the bottom. Particle size distribution was determined by weighing 

the material retained on each of the sieves and dividing these weights by the total weight of the 

sample. The results of the analysis were interpreted using the United States Department of 

Agriculture (USDA) textural triangle.   

Bulk density was estimated by the core method (Fig. 7) also known as the volumetric cylinder 

method (Al-Shammary et al., 2018; Ali, 2010; Yang et al., 2016; Zolfaghari et al., 2016) 

summarised in Fig. 7.  

Through standard laboratory procedure, soil pH was measured by pH meter, after the meter 

had been calibrated with prepared standard buffer solutions of pH 4, 7 and 9.2.  20 g of air 

dried and sieved soil from each sample was put in a beaker and 40 ml. of distilled water was 

added.  The soil/water mixture was stirred for 30 seconds and then waited for 3 minutes for a 

total of 5 stirring/waiting cycles. The mixture was then allowed to settle until a supernatant was 

formed above the settled soil. The pH meter electrodes were then dipped into the supernatant 

and the displayed value on the meter was monitored until it stabilized. The stabilized value was 

then recorded as the pH for the particular sample and soil. This procedure was repeated for all 

other samples. Following the same procedure as in soil pH determination, soil EC was 

measured by conductivity meter after it was calibrated pH 4 and pH 7 buffer solutions. Both 

the pH and EC affects water movement in the soil as the dissolved ions occupy pore water 

spaces (Visconti & de Paz, 2016) 
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Figure 7: Flow Chart - Core method for bulk density measurement 

(iv) Measurement of Initial and Subsequent Soil Moisture Levels 

Initial soil moisture for the root zone was measured concurrently with the bulk density. 

Moisture content before and after each irrigation event was measured for the entire irrigation 

season. One sample from each of the depths 0-30, 30-60 and 60-90 cm was taken in each of 

the three sub-plots (Fig. 8). For continuity of data, observations were maintained at the same 

locations as much as possible for the whole season. The samples were weighed before being 

oven dried for 24 hours or to a constant weight at 105°C to a constant weight (Al-Shammary 

et al., 2018; Savva & Frenken, 2002a) 
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Figure 8: Moisture measurement locations 

 The soil moisture was then calculated using the following relationship (Savva & Frenken, 

2002a): 

                                         𝑀𝑐 =
𝑊𝑤 −𝑊𝑑

𝑊𝑑
× 100                                                     Equation 1 

Where   𝑀𝑐 is the soil moisture content (%) 

 𝑊𝑤 is the weight of wet soil before oven drying (g) 

  𝑊𝑑  is the weight of dry soil after oven drying (g) 

 

Figure 9: Oven drying of soil samples for moisture content and bulk density 
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(v) Climate and Weather Data 

Historical climatic data (rainfall, temperature, relative humidity, solar radiation and wind 

speed) for Lekitatu spanning 32-year (1985-2017) (03°23'15.6"S latitude, 36°50'51.9"E 

longitude and 1162 m amsl altitude) was downloaded from Nasa power data base 

(https://cds.nccs.nasa.gov/data/). Current data (2019) was obtained from Lekitatu weather 

station installed in the area to serve the experiments taking place within the vicinity including 

this experiment. 

3.2.3 Estimation of maize crop water and irrigation water requirements 

Crop water requirements, which refer to water required for crop cell development and 

transpiration, were calculated using the CROPWAT 8.0 software (which is based on soil water 

balance) by inputting data for the study area.  

(i) Estimation of ETo from Climate Data  

As ETo is the evaporating capacity of the atmosphere, it is affected by climatic factors and not 

necessarily by soil and crop characteristics (Kore et al., 2017). From inputted climate data 

(minimum and maximum temperature, relative humidity, wind speed and sunshine hours), 

CROPWAT calculated the ETo. The software uses the Penman-Monteith relationship 

embedded within the software which combines the mass transfer and energy balance methods. 

(ii) Estimation of Effective Rainfall  

Effective rainfall was calculated from the monthly rainfall data using the USDA Soil 

Conservation Method embedded within the CROPWAT software.  

(iii) Crop Data Input 

Data for crop, maize in this case, included crop planting dates, the crop coefficient (Kc), 

duration, rooting depth, allowable soil moisture depletion levels and yield response factors 

(Ky) at the various growth stages of the crop (initial, mid and late). Global values as outlined 

in FAO (1998a) and Doorenbos and Kassam (1986) were used as crop data with the length of 

growth stages adjusted to suit local conditions. 

 

https://cds.nccs.nasa.gov/data/
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(iv) Soil Data Input  

The soil water characteristics were obtained from the soil analysis and the parameters such as 

readily available moisture (which is the difference between the moisture at field capacity and 

wilting point), infiltration rate, maximum rooting depth and initial depletion levels. 

(v) Estimation of Crop Water and Irrigation Requirements 

After the input of all above data, the CROPWAT then calculated the crop water requirements 

for the maize crop. The programme assumes all months have 30 days subdivided into three 

decades of 10 days each, and the crop water requirements are calculated on a decade (10-

day) basis. The crop water requirement module includes calculations, producing the crop water 

requirement of the crop daily and over the total growing season as variance between the crop 

evapotranspiration under standard conditions. From the crop coefficient (Kc) and reference 

evapotranspiration (ETo), the CROPWAT through the crop module calculates crop 

evapotranspiration (ETc) through the relationship ETc =Kc x ETo. 

From the effective rainfall and crop water requirements, the CROPWAT estimates how much 

water should be supplied though irrigation. Should the effective rainfall be equal to or above 

crop water requirements (typical in wet season), the software indicates no requirement for 

irrigation. 

3.2.4 Measurement of Water Application Efficiency and Distribution Uniformity 

(i) Planting and Irrigation Management 

Before planting the entire plot was supplied with initial water, which, solely was for wetting 

purposes as a common practice with the quantity of water supplied recorded. After 24 hours, 

maize seed was planted as per recommended practice. With the furrows or rows spaced at 75 

cm apart, the seeds were planted at the recommended population and spacing of one seed per 

hole and 30 cm between holes along each row respectively.  

All the sub-plots received water from the same water source and feeder canal. The quantity 

irrigation water conveyed to the experimental plots per unit time was measured using a 90o V 

– notch weir (Fig. 10). The discharge through the weir is a function of water level, so water 

level above the crest of the weir was measured using staff gauge. The discharge through a v-

notch weir is given using the following relationship (Henderson, 1996): 
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𝑄 =
8

15
𝐶𝑑𝐻5/2 √2𝑔 𝑡𝑎𝑛

𝜃

2
                                                       Equation 2 

where  𝑄 is the quantity of irrigation water (m3/s), 

𝐻 is the height of water above the weir crest (m),  

𝜃 is the vertex angle of the weir crest (degrees),  

𝐶𝑑 is the coefficient of discharge (unit less)  

𝑔 is the acceleration due to gravity (m/s2).  

Just before the point of discharge measurement, a stabilizer/energy dissipating ditch was 

excavated to facilitate the control and measurement of the incoming discharge.  

 

Figure 10: Set up on the field - replicated plots (left) and V- notch weir for flow 

observation and control (right) 

The first two irrigation events, water was applied equally to all the three treatments for 

seedlings establishment. Thereafter, eight irrigation events were applied to the three treatments. 

In the first treatment (sub-plot 1 or replica 1), water supply at the head of the furrows was 

stopped when the advance phase reached 75% of the furrow length. For the second treatment, 

the supply was stopped with the advance water reaching 80% of the furrow length. Finally, in 

the third treatment water supply was stopped when the advance phase reached 90% of furrow 

length and this generally complies with the local practice in the study area. Time taken to 

complete irrigating each plot was recorded to help calculate total amount of water applied to 

each plot. Soil moisture depletion levels were monitored through local practice and gravimetric 

measurements to determine next irrigation event. 

(ii) Measurement of Water Application Efficiency 

The field water application efficiency was calculated from the following relationship (Issaka 

et al., 2015): 
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                                 𝐸𝑎 =
𝑊𝑟𝑧

𝑊𝑓
× 100                                                               Equation 3 

Where:  

𝐸𝑎   = water application efficiency as percentage.  

  𝑊𝑟𝑧  = amount of irrigation water stored in the root zone after irrigation (mm) 

   𝑊𝑓  = total amount of irrigation water delivered to the farm (mm).  

  

Amount of water stored in the root zone was determined through conducting water balance 

whereby components such as deep percolation, runoff were taken out of the equation to 

calculate the water remaining in the root zone, part of which, is responsible for the crop 

evapotranspiration as indicated in this relationship (Savva & Frenken, 2002b) 

                                              𝑊𝑟𝑧 = 𝐼 + 𝑅𝑒𝑓𝑓 − 𝐷𝑝𝑒𝑟 − 𝑆𝑟𝑢𝑛                                        Equation 4 

Where 𝐼 = the amount of irrigation water applied that remains in the effective root zone (mm) 

 𝑅𝑒𝑓𝑓 = effective rainfall (mm) 

  𝑊𝑟𝑧  = amount of irrigation water stored in the root zone during irrigation and/or rainfall 

event (mm) 

𝐷𝑝𝑒𝑟 = water loss out of the effective root zone due to deep percolation (mm) and 

depend on the permeability of the soil  

𝑆𝑟𝑢𝑛  = soil surface runoff dependent on infiltration rate of the soils and surface slope 

(mm)  

The V-notch flow rate and the duration of the irrigation were used to calculate the total amount 

of water applied (Abd El-Halim & Abd El-Razek, 2014) using the following formula: 

                                                              𝑑 = 𝑄𝑡 ×
1000

𝐴
                                             Equation 5 

where d is the amount of water (mm), Q is the discharge over the V-notch (m3/min), t is the 

time (min) taken to fully irrigate plot of area A (m2). 

 Surface runoff (𝑆𝑟𝑢𝑛) was measured by dug out located at the end of each furrow set. The hole 

was lined inside with a polythene sheet to prevent water percolation. The collected water was 

converted into mm depth covering each furrow set by the following conversion: 

                                                                𝑆𝑟𝑢𝑛 = 𝑉𝑠𝑟 ÷ 𝐴                                         Equation 6 

Where 𝑆𝑟𝑢𝑛  = soil surface runoff (mm) 

 𝑉𝑠𝑟 = volume of surface runoff collected in dug out (litres) 
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 𝐴 = area of the furrow set (m2) 

Deep percolation (𝐷𝑝𝑒𝑟) was measured using the soil moisture probe, subtracting the depth of 

water that went beyond the root zone depth at each growing stage of the crop. And the relatively 

high water holding capacity of the soils, deep percolation was almost negligible as all the waters 

remained within the root zone.   

On each rainy day, rainfall amount was recorded by automatic weather instrument installed 

within the study area. Effective rainfall was then calculated following the USDA Soil 

Classification Method. 

(iii) Measurement of Water Distribution Uniformity 

In order to find actual depth of infiltrated water, within 24 hours after each irrigation event, 

water depth measurements were taken at 9 locations in each furrow set. The depths of infiltrated 

water were measured by use of the manually fabricated soil moisture probe based on New 

Mexican State University Guide H-637. PH 4-206 “A Practical Way of Measuring Soil 

Moisture” and the September 2014 Primefact 1351 second edition by the NSW Department of 

Primary Industries “Making a soil moisture probe” as shown in Fig. 11. Measuring the depth 

uses the principle that the probe penetrates easily through the wetted soil profile but finds 

resistance when it reaches dry soil. The number of graduations penetrated into the soil before 

meeting resistance was counted. The in-between readings were confirmed with a measuring 

tape. The Distribution Uniformity was then calculated by applying the lower one-quarter 

principle in equation 7 as described by Walker (1989) and Irmak et al. (2011). 

                                             𝐷𝑈 =
𝐷𝑙𝑝

𝐷𝑎𝑣
× 100                                                          Equation 7 

where 𝐷𝑈 = distribution uniformity (%) 

𝐷𝑙𝑝 = average depth of water infiltrated in the lower one quarter of the field (mm) 

𝐷𝑎𝑣 = average depth of water infiltrated over the field (mm)  
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Figure 11: Manually fabricated soil moisture probe as per NSW Department of Primary 

Industries specifications 

3.2.5 Measurement of Water Productivity  

Water productivity (WP), was calculated according to Rodrigues and Pereira (2009) as follows: 

 

                                       𝑊𝑃 =
𝐺𝑌

𝐴𝑤
                                                               Equation 8 

where 𝑊𝑃 is the water productivity (to be measured in kg/m3), 𝐺𝑌 is the grain yield (to be 

measured kg/ha) and 𝐴𝑤 is the total amount of water consumed (m3/ha). 

The yield was estimated for both plots through measurement of the dried maize cobs. The grain 

from the cobs was weighed using an electronic scale. Then the results were extrapolated to 

represent production per hectare in each case. Total amount of water on the other hand was 

found by doing water balance for the root zone after each irrigation event during the entire 

growing season as follows (Allen et al., 1998): 

                                                      ∑ 𝐸𝑇𝑐 = ∑ 𝐸𝑇𝑜 × 𝐾𝑐                                         Equation 9 

Where 𝐸𝑇𝑐 = the amount of irrigation water applied that is taken up by the plant roots and 

transpired through the leaves (mm) 
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  𝐸𝑇𝑜 = amount of that goes into the atmosphere due to crop transpiration and surface 

evaporation (mm) 

𝐾𝑐 = crop factor  

The total amount applied in m3 was found by converting the amount in millimetres into metres 

and then multiplying the total area of the irrigated field in m2.  

3.2.6 Data Analysis 

To check for standard error, significance among others, the results were put to statistical 

analysis, multiple comparisons by applying the Tukey Post hoc test on one-way ANOVA at 

95% confidence level. SPSS software was used in the statistical analysis. 
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CHAPTER FOUR 

 RESULTS AND DISCUSSION 

This chapter presents findings on physical and climatic properties of the study area, water 

application efficiencies and distribution uniformities achieved as well as the water productivity 

for the research. Detailed experiment data is further provided in Appendix 2 and Appendix 3. 

4.1 Physical Characteristics of the Study Plot 

4.1.1 Topography 

Topographic survey established slopes in each plot, one being the average slope of 3.3% 

running from top to lower end of the plot along the feeder canal and the other was 2.59 % 

along the furrow runs (Fig. 12)  

 

Figure 12: Topographic slopes for the experimental plot 

4.1.2 Soil Properties 

Table 1 summarizes results for the analysis of key physical properties of the soil in the 

experimental plot. From the results of particle size distribution and with reference to the 
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USDA soil textural triangle, all the three sub-plots had sandy loam soils up to the depth of 

100 cm investigated. For sandy loam soil, moisture content at FC and PWP is 21% and 9 % 

respectively giving readily available moisture of 12%, and the infiltration rate is 33.5  mm/hr 

(Savva & Frenken, 2002b) 

Table 1: Selected physical and chemical properties of soil in the study plot 

Sub-

plot 

No. 

Sampling 

depth, 

cm 

Physical properties of plot soils 

Particle size 

distribution 

(%) 

Texture 

class 

Bulk 

density 

(g/cm3) 

EC 

(dS/m) 

pH Initial 

Moisture 

Content 

(%) Sand silt 

1 0-30 69.0 30.7 Sandy 

loam 

1.38 0.198 7.08 15.3 

30-60 68.6 31.1 Sandy 

loam 

1.45 0.200 7.06 14.7 

60-100 68.6 31.2 Sandy 

loam 

1.42 0.197 7.09 14.9 

2 0-30 69.2 30.5 Sandy 

loam 

1.39 0.198 7.07 15.0 

30-60 69.2 30.5 Sandy 

loam 

1.45 0.199 7.02 14.5 

60-100 68.4 31.4 Sandy 

loam 

1.41 0.197 7.06 14.6 

3 0-30 69.9 29.9 Sandy 

loam 

1.39 0.198 7.07 15.0 

30-60 70.0 29.8 Sandy 

loam 

1.45 0.199 7.06 14.5 

60-100 68.4 31.4 Sandy 

loam 

1.40 0.197 7.06 14.6 

 

4.2 Soil Moisture Monitoring during the Experimental Period 

The monitoring of soil moisture shows the water contents before and after each irrigation event 

were almost the same in all the three subplots oscillating between FC (21%) and PWP (9%) as 

indicated in Fig. 13. 
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Figure 13: Monitored moisture content information from Table 4 presented in graphic 

form 

4.3 Crop Water and Irrigation Requirements  

As a safety net, the CROPWAT climate and rainfall data (Table 2) were used to calculate crop 

water and irrigation requirements (Fig. 14) as values for ETo were higher than those from the 

Enku method. Data measured on site by the installed weather station were incomplete (Table 

3) and were just used to validate some of the parameters like temperature, and rainfall from the 

historical data. The validation showed considerable variations in solar radiation, wind, and 

relative humidity, while for temperature, the data from the two sources were almost the same. 

The water and irrigation requirements were adjusted in the field depending on the prevailing 

rainfall events and initial soil moisture conditions. The calculated crop water and irrigation 

requirements for the maize crop on a decade (10-day) basis are shown in Table 4. Details of 

CROPWAT simulations are given in Appendix 1. 

Table 2: Long-term climatic data and calculated ETo and effective rainfall for Lekitatu  

Month Min 

Temp 

(°C) 

Max 

Temp 

(°C) 

Humidity 

(%) 

Wind 

(/s) 

Sunshine 

(hrs) 

Radiation 

(MJ/m²/day) 

Rain 

(mm) 

EToa 

(mm/day) 

January 15.2 30.9 56.0 2.1 12.1 28.0 51.5 6.1 

February 15.4 31.9 52.0 2.0 12.1 28.6 45.7 6.4 

March 16.0 31.8 56.0 1.9 12.0 28.4 113.5 6.2 

April 16.0 29.7 66.0 2.0 12.0 27.2 263.5 5.6 

May 14.1 28.2 68.0 2.4 11.5 24.7 115.1 5.0 

June 12.3 28.0 61.0 2.6 11.5 23.7 16.9 5.0 

July 11.7 28.2 54.0 2.9 11.5 24.1 7.2 5.4 

August 12.6 29.6 50.0 3.0 12.0 26.3 6.3 6.2 

September 13.9 31.6 45.0 3.0 12.0 27.8 10.5 6.9 

October 15.1 32.4 46.0 2.8 12.1 28.4 25.5 7.1 

November 16.2 31.2 56.0 2.4 12.1 28.0 82.3 6.3 

December 15.8 30.6 59.0 2.3 12.2 27.8 78.1 6.1 
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Table 3: Weather data measured by the installed automatic weather station 

Measurement 

Date 

Min 

Temp 

(°C)  

Max 

Temp 

(°C)  

Relative 

Humidity 

(%) 

Wind 

(m/s) 

Solar 

radiation 

(W/m2)  

Rainfall 

(mm) 

May 16.2 30.1 90.5 0.4 129.0 280.8 

Jun 12.7 28.0 83.5 0.4 122.0 2.3 

Jul 9.8 29.1 77.1 0.5 159.3 0.9 

Aug 13.1 29.7 76.6 0.5 177.7 21.0 

Sep 13.0 30.4 70.3 0.6 230.6 0.0 

Oct 17.6 31.1 84.0 0.6 205.6 313.3 

Nov 17.9 32.2 81.0 0.6 230.7 79.9 

Dec 14.6 31.7 85.0 0.6 204.6 118.7 

 

Table 4: Estimated crop water and irrigation requirements for maize in the study plot 

Month Stage Kc 

(coeff) 

ETc 

(mm/day) 

ETc 

(mm/dec) 

Eff rain 

(mm/dec) 

Irr. Req. 

(mm/dec) 

Aug 1-10 Init 0.7 4.1 33.1 1.6 31.1 

Aug 11-20 Init 0.7 4.3 43.0 1.9 41.2 

Aug 21-30 Dev 0.8 5.0 54.7 2.4 52.3 

Sep 1-10 Dev 1.0 6.5 64.7 2.7 62.0 

Sep 11-20 Dev 1.2 8.0 80.0 3.0 77.1 

Sep 21-30 Mid 1.3 8.8 87.7 4.7 83.0 

Oct 1-10 Mid 1.3 8.8 88.2 5.5 82.7 

Oct 11-20 Mid 1.3 8.9 88.7 6.6 82.1 

Oct 21-30 Mid 1.3 8.6 94.3 12.3 82.0 

Nov 1-10 Mid 1.3 8.3 82.8 20.2 62.6 

Nov 11-20 Late 0.9 5.8 57.9 26.2 31.7 

 

 

Figure 14: Calculated crop water and irrigation requirements 
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4.4 Water Application Efficiency and Distribution Uniformity 

4.4.1 Water Applied  

Tables 5 summarizes the amount of water applied and the amount that remained in the root 

zone for crop uptake. The average flow rate, which was constant for each day, was 1.4 

litres/second. The amounts of water within the treatments were generally the same while across 

the treatments with the 0.9 cut-off receiving more water than the rest.  

Table 5: Water applied to the field and remained in the root zone for crop 

evapotranspiration 

Irrigation 

treatment 

Total water applied (mm) Actual water in root zone (mm) 

Rep 1 Rep 2 Rep 3 Mean Rep 1 Rep 2 Rep 3 Mean 

75% cut off 235 253 235 241 168 172 168 169 

80% cut off 265 284 264 271 174 182 173 176 

90% cut off 318 341 316 325 196 206 194 199 

Rep 1,2,3 = Replica 1,2,3 

4.4.2 Application Efficiency (Ea) 

Table 6 and Fig. 15 show the application efficiency for each treatment in each replica. The 75% 

cut off gave the highest Ea while the 90% cut off yielded the lowest. Fig. 4 gives the mean Ea 

value for each treatment; 75% cut-off gave the average highest Ea of 70% while the 90% 

achieved 63% Ea.  

In table 7, Multiple Comparisons of the means indicate which group is different from each 

other. The Tukey post hoc test conducted on one-way ANOVA revealed a statistically 

significant difference in application efficiency between the 75% cut-off and the 80% cut-off 

treatments (p = 0.003), between the 75% cut-off and the 90% cut-off (p <0.001) as well as 

between the 80% cut-off and the 90% cut-off (p = 0.046). 
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Table 6: Results for application efficiencies (Ea) and Distribution Uniformities 

Replica no. Application efficiency, Ea 

(%) 

Distribution efficiency, DU 

(%) 

Irrigation treatment Irrigation treatment 

75 % 

Cut-off 

80 % 

Cut-off 

90% 

Cut-off 

75 % 

Cut-off 

80 % 

Cut-off 

90 % 

Cut-off 

Rep 1 70.8 66.8 63.6 90.3 89.9 89.3 

Rep 2 67.9 65.4 62.0 90.6 89.5 88.7 

Rep 3 71.2 67.1 63.4 89.1 90.0 89.5 

Mean 70.0 66.4 63.0 90.0 89.8 89.2 

 

 

Figure 15: Mean water application efficiency for each treatment 

Table 7: Statistical analysis of the variation in application efficiency among the 

treatments 

Multiple Comparisons  

Dependent Variable:   Application Efficiency (%)   

Tukey HSD   

(I) 

Treatment 

(J) 

Treatment 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

75% Cut-

off 

80% Cut-off 5.4309* 1.4117 .003 1.873 8.989 

90% Cut-off 9.0396* 1.4117 <.001 5.481 12.598 

80% Cut-

off 

75% Cut-off -5.4309* 1.4117 .003 -8.989 -1.873 

90% Cut-off 3.6087* 1.4117 .046 .050 7.167 

90% Cut-

off 

75% Cut-off -9.0396* 1.4117 <.001 -12.598 -5.481 

80% Cut-off -3.6087* 1.4117 .046 -7.167 -.050 

*. The mean difference is significant at the 0.05 level. 
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As seen from the results, the 0.75 of furrow length treatments achieved highest average 

application efficiency of 70.0%. As all the three treatments had similar soil (sandy loam) and 

slope characteristics, this difference could be attributed to the fact that since water was 

stopped at 0.75 of furrow length, the remaining 0.25 of furrow length was adequate enough to 

accommodate all the recession water that was coming from the furrow head. Thus, there was 

less water that was lost as runoff or as deep percolation compared to the other two treatments. 

On the other hand, the 0.90 of furrow length treatments achieved lowest average application 

efficiency of 63% for the fact that some the remaining 10% dry portion of the furrow length 

was not adequate enough to contain all the recession water and therefore more water reached 

the drain as runoff compared to the other two treatments. These results fall within range 

of findings obtained by in other studies in which the application efficiency ranged from 64% 

to 71% for the cut-off method (Elsheikh et al., 2014; Issaka et al., 2015; Mohammed et al., 

2015), and were conducted on same soil type. These results are therefore a representative of 

similar studies carried out on similar characteristics of soil and topography.  

4.4.3 Distribution Uniformity (DU) 

Table 6 and Fig. 16 show that DU had slightly different trend from Ea. Replica 3 had a different 

trend where the 80% cut-off gave a better DU than the other two treatments in the replica, 

possibly due to slight variations of in-furrow slope. However, on average as depicted in Fig. 5, 

highest DU of 90% in the 75% cut off and the lowest DU of 89.2% in the 90% cut off. 

Multiple Comparisons in Table 8 revealed a statistically non-significant difference in 

distribution uniformity between the 75% cut-off and the 80% cut-off treatments (p = 0.430), 

between the 75% cut-off and the 90% cut-off (p = 0.539) as well as between the 80 % cut-off 

and the 90% cut-off (p = 0.981). 
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Figure 16: Average water distribution uniformity 

Table 8: Statistical analysis of the variation in distribution uniformity among the 

treatments 

Multiple Comparisons  

Dependent Variable:   Distribution uniformity (%)   

Tukey HSD 

(I) 

Treatment 

(J) 

Treatment 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

75% Cut-off 80% Cut-off .6719 .5316 .430 -.668 2.012 

90% Cut-off .5722 .5316 .539 -.768 1.912 

80% Cut-off 75% Cut-off -.6719 .5316 .430 -2.012 .668 

90% Cut-off -.0997 .5316 .981 -1.440 1.240 

90% Cut-off 75% Cut-off -.5722 .5316 .539 -1.912 .768 

80% Cut-off .0997 .5316 .981 -1.240 1.440 

 

For the distribution uniformity, all the treatments involved cutting the water supply before the 

advance phase reached the tail end of the furrow. This therefore improved the distribution 

uniformity as time for ponding phase, which usually result deep percolation at the upper section 

of the furrow, was reduced. The 0.75 of furrow run treatment had slightly higher uniformity 

than the other treatments and this is attributed to the fact that the remaining 20% furrow run 

was adequately watered by the ponding and recession phases coupled with suitable volume of 

water required to complete an advance which gives the potential to increase the distribution 

uniformity. These results too, agree with the findings obtained by similar studies in which 

distribution uniformity ranged from 85% to 91% for the cut-off method (Elsheikh et al., 2014; 
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Issaka et al., 2015; Mohammed et al., 2015). 

As regarding the three sub-plots, there were very small differences for both application 

efficiency and distribution uniformity. This was attributed to the fact that the three replicas had 

almost identical physical properties that were analyzed, ranging from soil type and other 

properties, field slope, and were all irrigated with the same common feeder canal (mean same 

water quality) and same flow rate. The bigger furrow slope of the field (2.6%) made provided 

less time (opportunity time) for the ponding phase thereby reducing deep percolation. This 

agrees with findings of Assefa et al. (2017) on the effect of slope on distribution uniformity. 

Additionally, except for first irrigation event where applied depth exceeded the initial rooting 

depth, the subsequent applications were within the crop rooting zone making the deep 

percolation negligible. This was made possible through the adjustments in the flow rate 

between irrigation events but also due to the generally high water holding capacity of the sandy 

loam type of soil. 

4.5 Yield and Water productivity 

Table 9 and Fig. 17 indicate that higher yield for the 90% cut-off than the rest of the treatments. 

However, in terms of water productivity, the 75% cut-off produced the highest water 

productivity. The results had statistically significant difference (p <0.05) for all the 

combinations as revealed by the Tukey post hoc test (Table 10). 

Table 9: Yield and water productivity results from the three treatments 

Replica no. Yield (kg/ha) Water productivity (kg/m3) 

Irrigation treatment Irrigation treatment 

75 % 

Cut-off 

80 % 

Cut-off 

90% 

Cut-off 

75 % 

Cut-off 

80 % 

Cut-off 

90 % 

Cut-off 

Rep 1 8341 8415 8593 1.58 1.41 1.20 

Rep 2 8356 8430 8622 1.47 1.32 1.12 

Rep 3 8356 8445 8652 1.58 1.42 1.22 

Mean 8351 8430 8622 1.54 1.38 1.18 

 



35  

 

Figure 17: Water productivity for each treatment in each of the three sub-plots 

Table 10: Statistical analysis of the variation in water productivity among the 

treatments 

Multiple Comparisons  

Dependent Variable:   Water productivity (%)   

Tukey HSD   

(I) 

Treatmen

t 

(J) 

Treatment 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

75% Cut-

off 

80% Cut-off .1598* .0470 .034 .015 .304 

90% Cut-off .3636* .0470 .001 .219 .508 

80% Cut-

off 

75% Cut-off -.1598* .0470 .034 -.304 -.015 

90% Cut-off .2039* .0470 .012 .060 .348 

90% Cut-

off 

75% Cut-off -.3636* .0470 .001 -.508 -.219 

80% Cut-off -.2039* .0470 .012 -.348 -.060 

*. The mean difference is significant at the 0.05 level. 

   

For water productivity, though the difference is non-significant among the treatments with the 

highest water productivity of 1.58 kg/m3 attained in the 75% cut off treatment, followed by the 

80% cut-off and then the 90% cut-off being the lowest. These results are in tandem with the 

trend in water application efficiency and distribution uniformity values obtained in this 

experiment. The WP values in general, are within range of values found by other studies such 

as Abd El-Halim and Abd El-Razek (2014) who reported highest value of 1.09 kg/m3 and 

Moayeri et al. (2011) who reported average WP of 1.45 kg/m3. In experiments with controlled 

environments (usually at research stations where the recommended agronomic practices such 
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as plant population, water application, pest control and fertilizer application are strictly 

followed and done at the right time) higher water productivity values are realized. In a 

controlled experiment of investigating water productivity of maize grown, Trout and DeJonge 

(2017) found water productivity of 2.0 kg/m3 with 630 mm of crop evapotranspiration. 
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CHAPTER FIVE 

 CONCLUSION AND RECOMMENDATIONS 

The study has shown that varying the cutting off of irrigation supply in furrow system in 

relation to the position of the advance water has a bearing on both water application efficiency 

and distribution uniformity. From the investigated three treatments, it was evident that cutting 

off supply when advance phase reaches 0.75 of furrow length has the potential to save water 

of up to 26 % without compromising on water application efficiency, water distribution 

uniformity and water productivity.  This saved water could be allocated to other uses or be used 

to cultivate extra area thereby increasing production.  Further the study showed at least 13.6% 

of time spent on irrigation could be saved by following the 0.75 cut off technique which could 

be utilized in other productive activities. As the study was conducted in sloping conditions 

above the recommended slope range of 0.05% to 0.5% furrow irrigation (Brouwer et al., 1988; 

James, 1988) and with an average inflow rate of 1.4 litres/second, the results of application 

efficiency, distribution uniformity and water productivity are not much different conducted on 

more gentle slopes.  

With the limited available land for irrigation (due to population pressure), the cut off technique 

would be very useful to apply in areas with slopes greater than 2% and for inflow rates higher 

than 1 litres/second to ensure uniform distribution and higher productivity while at the same 

time avoiding high run off losses and soil erosion.    

As monitoring the physical position of cut off is easier than varying the flow rate with time, it 

is recommended that the cut-off position be promoted among the smallholder farmer schemes 

where water regulating structures are scarce. 
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APENDICES 

Appendix 1: Outputs from CROPWAT simulations 
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Appendix 2: Field experiment data 
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Appendix 3: Summary of field experiment data 
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RESEARCH OUTPUTS 

(i)  Published paper in ASCE’s Journal of Irrigation and Drainage Engineering  
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(ii) Poster presentation 

 


