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ABSTRACT 

Deficit irrigation strategies in furrow irrigation are important means of saving irrigation 

water in areas with poor water management. This study was conducted to establish the 

strengths and weaknesses of the current irrigation practices in Dedza district, to evaluate 

effects of alternating deficit, fixed deficit, and conventional furrow irrigation strategies on  

water saving, potato yield and profitability of potato production under different maximum 

allowable soil moisture depletion levels. The study was done in Dedza district in Malawi. 

Farmer plot size in irrigation schemes are limited to 0.22 ha of which 81% use gravity-fed 

canals to convey water with furrow as a dominant irrigation method due to its many 

advantages. The Certified potato variety “Violet” seeds were used as study material during 

the experiment which was laid out as a randomized complete block design. It involved 

three maximum allowable depletion (MAD) levels of 20, 40, and 60% in which furrow 

irrigation strategies of (i) conventional furrow irrigation (CFI), (ii) alternate furrow 

irrigation (AFI), and (iii) fixed furrow irrigation (FFI) were applied.  A total of 10, 6, and 

5 irrigation events were scheduled for the whole season under 20%, 40%, and 60% 

depletion levels respectively. Compared to the control (CFI), the results showed that AFI 

and FFI under 20% MAD, saved 30% and 39% of water with slight crop yield reductions 

of 6% and 14% respectively. Moreover, under 20% MAD, farmers could achieve 17.8% 

and 7.3% gross margins above the average national value of US$8119.20 with AFI and 

FFI respectively. Compared to 2.8 US$/m3 for the control, the economic water 

productivity increased by 39% and 46% for AFI and FFI respectively under the 20% 

MAD. This research showed that managing the potato crop using AFI or FFI under 20% 

MAD could allow a farmer in Dedza district to achieve potato tuber yields above the 

national average while saving water to increase the irrigation scheme membership. The 

result can be used as the starting point for further research and development of policies 

that aim at improving potato farmers’ irrigation water and land productivity.  

Keywords: alternate furrow irrigation, deficit irrigation, fixed furrow irrigation, irrigated 

potato production, maximum allowable depletion, water use efficiency 
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CHAPTER ONE 

1 INTRODUCTION 

This chapter provides a general overview of the study. Firstly, the background in section 

1.1 is set by discussing irrigation performance in Sub-Saharan Africa (SSA) and the 

Malawian context. Thereafter, the chapter discusses irrigation water management 

practices in Malawi, water management practices, and how deficit irrigation (DI) can be 

utilized in the production of potato. The chapter also consists of Problem Statement and 

Justification, Research Aim and Specific Objectives, and Research Questions. Before 

summary of the chapter, the significance and scope of the study and ethical considerations 

are presented in sections 1.5, 1.6, and 1.7 respectively. 

 

1.1 BACKGROUND OF THE STUDY 

It is anticipated that the world population will increase to 9 billion by 2050 (Ahmad, 2001). 

The major part of this increase is predicted to occur in developing nations, particularly in 

sub-Saharan Africa and some Asian countries (Gu et al., 2021). For instance, the current 

trend shows that the African population has increased by about 624 million people 

between 1995 and 2020, with an annual growth rate of 2.5% (Klein and Anderegg, 2021). 

Due to this increase, there are 2.34% more people to feed annually in these regions (Lal, 

2020). To ensure food security, for the booming population, food production must 

increase by 70% between 2005 or 2007 up to 2050 whilst mitigating and adapting to 

climate change (UN, 2019). Therefore, strategies that will increase food production will 

be vital towards feeding the increasing population. 

Irrigation water supply is amongst the strategies towards increasing food production, 

hence ensuring food security. Irrigation is defined as the practice of supplying water that 

has been diverted from rivers or pumped from a well to the land in the provision of support 

for agricultural production (Niswonger, 2020). Irrigation agriculture is vital towards food 

production at times when rainfall is inadequate (Bakr and Bahnassy, 2018; Modi, 2019). 

Apart from growing crops more than once a year, irrigation can also help in widening the 

range of crops that can be grown within a season. However, the success of irrigation 
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agriculture depends on water availability, how the available water is being managed and 

crops are grown. Currently, about 70% of water withdrawals in the world are a result of 

irrigation (Besharat et al, 2020) and with increased pressure to increase food production, 

the withdrawal is expected to increase. However, with climate change, water resources 

are dwindling presenting a huge challenge to irrigation agriculture. Therefore, the desire 

to produce enough food to feed the increasing population through irrigation agriculture 

under increasingly favorable environmental conditions has been the driving force to 

research on irrigation water use efficiency techniques. 

Potato (Solanum tuberosum L) is increasingly becoming an important food and cash crop 

in Malawi (Tione, 2018). The crop is produced both under rainfed and irrigation. 

However, its yields are continuously reduced due to challenges such as insufficient 

rainfall, limited available irrigation water, and poor irrigation water management (Wagg, 

2021). To improve potato production, irrigation water productivity, and land productivity 

in Malawi, there is a need to address the constraints. Therefore, this study aims to 

investigate the effects of deficit irrigation strategies on potato production under 

smallholder irrigation schemes available in Malawi. 

 

1.1.1 Irrigation agriculture performance in Sub-Saharan Africa and Malawi  

Food production in the SSA is mainly dependent on rain-fed smallholder agricultural 

systems. Approximately 30 percent of agricultural cultivated land lies in arid or semi-arid 

areas in the region, which are characterized by high evapotranspiration and low, erratic, 

and unreliable seasonal rainfall (Mafuta, 2019). As such, in the absence of sufficient 

rainfall, there has been low agricultural production leading to food shortages and food 

insecurity. In this regard, irrigation has long been considered an option essential for 

increasing crop water supply (Nikolaou et al., 2020). Improving crop productivity and 

profitability through irrigation is among the key strategies for reducing poverty and 

improving rural livelihoods in the SSA where most people depend on agriculture (Berhanu 

and Wolde, 2019). Irrigation acts as a ‘mitigation cushion’ against climate change and 

variability challenges, as it enables farmers to grow crops throughout the year and in so 

doing, increases the chances for farmers to produce more. 
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Despite the great desire to boost food production and improve people’s livelihood through 

irrigation, irrigation water scarcity is becoming the main constraint for crop production in 

the region (Dinar et al., 2019). This has made the region experience crop failure 

repeatedly. As such, irrigation in the SSA has, for the most part, largely failed in its 

objective to improve crop production for food security and poverty alleviation 

(Mwamakamba et al., 2017). This is happening when there is a growing demand for food 

and fibre due to the rapid population growth in the region. Therefore, to ensure that 

irrigation agriculture achieves its goal of increasing food production to satisfy the 

increasing demand at a time when water is increasingly becoming scarce, current 

irrigation practices have to be improved. 

Similarly, food production in Malawi heavily depends on rain-fed agricultural systems. 

Hence, due to erratic and unreliable rainfall, the country is heavily affected by low yields 

(Chinula, 2019). As such, irrigation development is considered vital and has been given 

high priority by the Malawi government to deal with food shortages (Chafuwa, 2017). 

Smallholder irrigation agriculture is considered a tool for increasing Malawi’s agricultural 

production for improved livelihoods and economic development for rural communities. 

However, just like in many SSA countries, Malawi’s irrigated agriculture is facing 

challenges of limited irrigation water supply owing to climate change and variability 

(Nhemachena et al., 2020; Joshua et al., 2020; Sibale et al., 2021). Most irrigation 

schemes in the country experience either physical or economic water scarcity or both 

(Fandika et al., 2021). Physical water scarcity is defined as a water scarcity indicator that 

occurs when there is not enough water to meet all demands including the environment 

(Vanham et al., 2018). Physical water scarcity is caused by natural calamities such as 

drought and floods, increase food consumption amongst humans, and water overuse and 

this is exacerbated by climate change and population growth. Economic water scarcity on 

the other hand is due to institutional and financial constraints over the distribution of water 

or the poor management of water resources where infrastructure is in place (Gupta, 2021). 

Therefore, the individual or combined water scarcity phenomenon has led to the loss of 

crop yield and poor land productivity among smallholder farmers in Malawi. 
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1.1.2 Irrigation water management practices in Malawi 

Most irrigation schemes in Malawi have surface irrigation systems with either furrow or 

basin irrigation as major water application methods (Fandika et al., 2020). Irrigated 

farming and water management practices in Malawi are mostly based on traditional 

knowledge and farmers' experience (Sibale et al., 2021). According to Kamwamba et al. 

(2021), most smallholder irrigation farmers in Malawi are using the least efficient 

traditional methods of irrigation. Among such traditional methods is the conventional 

furrow irrigation (CFI) method, which is widely practiced across the country (Fandika et 

al., 2020). 

Practicing the CFI method does not help to improve irrigation water management and crop 

production in Malawi. For instance, irrigation schemes that use CFI consume a huge 

amount of water, but their field application efficiencies are very low, usually below 50 

percent (Fandika et al., 2020). In response to this challenge, the adoption of the most 

efficient irrigation methods such as drip and sprinkler irrigation is increasingly being 

encouraged among farmers for increased yields and crop water use efficiency. However, 

these methods have not been adopted by smallholder farmers due to their high cost of 

initial investments, installation, operation, maintenance, and demand for technical 

knowledge (Abdel-Hamid and Abdelhaleem, 2021).  

Hence, smallholder farmers in Malawi are still practicing irrigation methods that demand 

and consume large volumes of water as they are cheaper and easy to use. This partially 

explains the inadequacy of irrigation water in many smallholder irrigation schemes in 

Malawi. The situation calls for low-cost, simple, easy-to-operate but highly efficient, and 

water-saving strategies to improve yield and irrigation water use efficiency (Fandika et 

al., 2020). 

 

1.1.3 Deficit irrigation 

Deficit irrigation (DI) is one of the strategies for improving water management (Vanham 

et al., 2018). In this strategy, irrigation water is supplied to crops at a reduced rate below 

the full crop water requirement (Jensen et al., 2010; Sanchez-Blanco et al., 2019). 
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Generally, DI can be classified as sustained, partial root-zone drying, and regulated deficit 

irrigation. DI strategy can improve agricultural production per unit volume of water by 

increasing irrigable areas per season considering that some water has been saved (Khalili 

et al., 2020). Therefore, it is essential to develop adaptable water conservation measures 

and technologies that fit smallholder irrigation farmers’ budgets and knowledge and that 

optimize yield and water profitability.   

 

1.1.4 Potato production in Malawi 

Potato (Solanum tuberosum L.) is one of the major staple foods and income-generating 

food for around 1.6 million people in Malawi (Verhage et al., 2018). The crop is the fourth 

most important crop by volume of production after maize, sweet potato, and cassava. It is 

the main cash crop and second most important food crop after maize in the major potato-

growing districts which include: Dedza, Ntcheu, Neno, Mchinji, Mzimba, and Ntchisi 

(Kateta et al., 2015) Potato is grown both under rain-fed and irrigated agricultural systems. 

Under rain-fed agricultural systems potato is grown in areas with rainfall above 750mm 

while under irrigated agricultural systems, the crop is mostly grown in smallholder 

irrigation schemes (McNulty et al, 2016). Farmers in Malawi plant their summer crop 

(rain-fed) between November and December and their winter crop (irrigated) between 

March and April (Kateta et al., 2015).  

 

1.2 PROBLEM STATEMENT AND JUSTIFICATION  

Potato is one of the major staple foods and cash crops among smallholder farmers and 

plays a crucial role in food security in Malawi (Kateta et al., 2015). The area under potato 

production expanded from 34299 ha to 66,604 ha between 1990 and 2017 (FAO, 2015; 

2019). Despite the increase in the production area, the national average potato yield is still 

very low (18.4 tons/ha) against the potential of 40 tons/ha (FAO, 2019). Several factors 

such as insufficient rainfall, limited available irrigation water, and poor water 

management negatively affect potato production in Malawi. This has led to the loss of 

crop yield and reduced profitability among smallholder farmers. To improve yield, and 

irrigation water use efficiency, and to save the already dwindling water supply, methods 
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such as drip and sprinkler irrigation are being advocated among smallholder farmers. 

However, farmers hardly adopt these methods due to their high cost, complexity, and 

difficult maintenance requirements.  

There is a need to explore alternative irrigation strategies that fit well with small-scale 

farmers’ irrigation practices. This is vital because despite having agricultural material 

resource centres in all the country’s extension planning areas (EPAs), there is inadequate 

information on improved irrigation practices and water management in potato production. 

The lack of information is due to the fact that studies on potato production in Malawi are 

mostly focused on rain-fed agriculture with little attention to irrigated agricultural 

systems. Consequently, with the existing limited water supply conditions faced by many 

smallholder farmers in Malawi, there is a need to evaluate crop water use, potato yield 

and potato production profitability under deficit irrigation (DI) strategies as the 

alternatives. 

DI is among the irrigation strategies that are used to save irrigation water and they have 

been investigated by several authors in terms of their effects on the crop water use 

efficiency, productivity and profitability of potato production. DI strategies can be used 

with all irrigation systems and as such, they can fit the Malawian smallholder farmers who 

dominantly depend on furrow irrigation. Despite some contradictory results in the 

literature regarding the advantages and disadvantages of DI strategies. The general 

agreement in the literature on the effects of DI strategies is that their success depends on 

potato variety, soil type, climate and soil water balance. The variation of these factors 

implies that for each region and country, there is a knowledge gap that needs to be bridged 

before the application of DI strategies. And the gap exists in Malawi since no study on DI 

has been found in the literature so far. Moreover, considering that most of the previous 

studies applied fixed irrigation intervals that did not consider the fact that crop water use 

varies with the growth stage, there is a need to investigate DI strategies where irrigation 

scheduling takes into account changes in crop evapotranspiration. Furthermore, the 

previous studies seem to imply that the benefits of saving water through the application 

of DI strategies directly accrue to individuals who can expand their irrigated fields. That 



 

7 

 

may be true for cases where there is no major restriction on the size of the irrigated field. 

In cases where individuals have fixed land sizes, the benefits of saving water may be 

complex as individuals may not see the need to save water. Such complexities or realities 

should be added to the existing body of knowledge so that the correct message is used 

when talking about the benefits of DI strategies to the farmers. 

 

1.3 RESEARCH AIM AND SPECIFIC OBJECTIVES 

1.3.1 Research Aim 

The study aims to assess the effect of deficit irrigation on potato production in Dedza 

district-Malawi 

 

1.3.2 Specific objectives 

The specific objectives are: 

i. To establish strengths and weaknesses of the current irrigation practices in Dedza 

district 

ii. To evaluate the effects of alternating deficit, fixed deficit, and conventional furrow 

irrigation on water saving, potato growth and yield under different maximum 

allowable soil moisture depletion levels. 

iii. To establish the profitability of potato production under alternating and fixed 

furrow irrigation in Dedza district. 

 

1.4 RESEARCH QUESTIONS 

i. What are the strengths and weaknesses of the current irrigation practices in Dedza? 

ii. What are the effects of alternate deficit, fixed deficit and conventional furrow 

irrigation on water saving, potato growth and yield under different maximum 

allowable soil moisture depletion levels? 

iii. What is the profitability of potato production under alternating and fixed furrow 

irrigation? 
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1.5 SIGNIFICANCE OF THE STUDY 

The study aimed at contributing toward the understanding of how the available limited 

water could be put to maximum use in sustaining the already established irrigation 

schemes. The findings also helped to demonstrate deficit irrigation scheduling as an 

alternative irrigation approach under situations of shortage of water during irrigation. 

The findings of the study have relevant information for the potato growers, Agriculture 

extension development coordinators, policymakers in different ministries, and the 

community at large on water management in potato production under irrigation. The 

results of the study has been shared with the public through publication and thus make 

a valuable contribution to knowledge in the academic world. 

 

1.6 SCOPE OF THE STUDY 

In this study, the effects of irrigation strategies (full and deficit irrigation) were 

investigated to determine the strengths and weaknesses of the current irrigation 

practices, evaluating the effects of alternating deficit, fixed deficit, and conventional 

furrow irrigation on water saving potato growth and potato production profitability.  

Household data collection was done amongst sampled farmers within the eight 

extension planning areas that grow potato. The experiments were designed with 

different water levels to be applied to the plots grown with potatoes under different 

irrigation strategies. A field experiment was carried out under the climatic condition of 

Dedza district-Malawi using a randomized complete block design (RCBD). The study 

took four months and an early-maturing local variety of potato known as Violet was 

used.  The experiment consists of nine combinations of treatment and data was collected 

based on water application strategies and depletion levels as notable variables. Analysis 

of variance was used to determine if there are significant effects of deficit irrigation on 

potatoes. 

Some of the limitations of this study were conflicts within scheme management which 

delayed the process of acquiring land through rent for the experiment, funding to 

support the implementation of the experiment and unavailability of Class A evaporation 

pan data on the cleaning day every month. 
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1.7 ETHICAL CONSIDERATIONS 

Before the beginning of data collection, approval from the Natural and Applied 

Sciences Research Ethics Committee (NASREC) of The University of Zambia was 

obtained. Permission to conduct the study was sought from the Ministry of Agriculture 

in Malawi through the District commissioner’s office of Dedza District Council. All 

farmers under the water user’s association of the Kamgulitse irrigation scheme had the 

right to understand the research protocol and the findings were shared with them 

through the District Agriculture Office. 

 

1.8 SUMMARY 

The chapter provided a general overview of the study. It started with the discussion of 

irrigation performance in the SSA and the Malawian context. The chapter also 

discussed irrigation water management practices in Malawi. Problem statement, 

research aim, objectives, and questions were highlighted. As a strategy to improve 

irrigation water management, deficit irrigation was also introduced in the chapter. 
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CHAPTER TWO 

2 LITERATURE REVIEW 

2.1 INTRODUCTION 

This chapter presents relevant research literature on some of the concepts used in this 

study. The chapter is classified into 7 sections. Following this introduction is section 

2.2 which presents a general introduction of irrigation systems. The section discusses 

types of irrigation systems, namely, surface irrigation systems, sprinkler irrigation 

systems, and localized irrigation systems. Section 2.3 discusses the major factors that 

affect irrigation. Irrigation scheduling is discussed in section 2.4. Section 2.5 outlines 

deficit irrigation and relevant studies that have been conducted under the same. Section 

2.6 presents methods for evaluating agricultural irrigation projects such as water use 

efficiency and profitability. The chapter conclusion is presented in section 2.7. 

 

2.2 IRRIGATION SYSTEMS 

Irrigation can be defined in different ways. From the perspective of supplementing 

precipitation, irrigation is the application of water supplementary to that supplied 

directly by precipitation for the production of crops (Cai et al., 2021). However, in 

general, irrigation is the process of artificially applying water to the soil or to the 

plant’s root zone to meet crop water demands (Sowmya et al., 2022; Nikolaou et al., 

2020).  Irrigation systems range in size and complexity from simple hand home garden 

watering methods to large and complex sprinkler or furrow irrigation systems found 

in commercial farms. They can be classified in different ways according to energy or 

pressure required, method of irrigation water application (placement) and area wetted 

by irrigation. The methods of irrigation water placement include flooding on the field 

surface, applying beneath the soil surface, and spraying overhead like rain, (Jha et al., 

2019). 

Different water application methods are practiced to suit different soil types, water 

supply, and its quantity, the topography of the land, crops to be irrigated, and costs. 

Based on the method of applying water to the land, there are four broad classes of 

irrigation systems: (1) surface irrigation systems, (2) sprinkler irrigation systems, (3) 

localized irrigation systems, and (4) sub-surface irrigation systems.  
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2.2.1 Surface irrigation systems 

Surface irrigation (SI) systems, are those systems that rely on gravity to convey, 

distribute, and apply water to the soil surface (Pereira and Gonçalves, 2018). In SI, 

water is moved over the land surface as it is being wetted or irrigated either partially 

or completely (Eisenhauer et al., 2021). According to Pereira and Gonçalves (2018), 

SI systems require proper land grading to facilitate flow of water over the land surface 

but are simple in layout at the field level and depend on canals for water delivery and 

drains to carry away excess water from the fields. Some of the major advantages of SI 

systems over other systems include ease of operation and maintenance with low skilled 

labour, and they are not affected by windy conditions (Pazouki, 2021). Generally, they 

are associated with low energy costs or none at all.  

Surface irrigation systems do have several disadvantages, however. They are less 

efficient in water application than sprinkler or localized irrigation systems (Fang et al., 

2018; Rkahimov et al., 2020). The spatial and temporal variability of soil 

characteristics, such as infiltration rate and texture, make water management practices 

difficult to define and implement (Reyes, 2018). It is also difficult to apply light, 

frequent irrigations as required early and late in the cropping season (Tasumi, 2019; 

Minhas et al., 2020). Another disadvantage can be the high labour demand for 

construction, operation, and maintenance of SI systems, as compared to sprinkler and 

localized irrigation systems, in situations where labour is not abundant nor cheap 

(Watson, 2020). Surface irrigation systems can be broadly classified as furrow, basin, 

and border strip irrigation systems (Pazouki, 2021). 

 

2.2.1.1 Furrow Irrigation method 

A furrow irrigation system comprises furrows and ridges that have shapes, spacing and 

lengths depending on the crops to be grown and the types of soils (Mamatov et al., 

2020; Langewitz et al., 2021; Sowmya et al., 2022). The spacing between furrows 

ranges from 0.75-1.0 m, depending on soil type, crops, and stream size to be applied 

to the furrow (FAO, 1996). According to FAO (1996), the minimum and maximum 

slopes for furrows should be 0.05% and 3% respectively in areas of low rainfall 

intensity. Most field crops that are not closely spaced can be irrigated using furrows 
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(Figure 2.1). According to Kassaye et al. (2020), furrow irrigation is best suited to 

crops that are grown in rows such as maize, potatoes, onions, and tomatoes.  

 

 

Figure 2.1: Furrows and ridges for a furrow irrigation method (Source: El Bergui et 

al., 2020) 

Furrow irrigation requires low investment to buy equipment (Sarker et al., 2019). It is 

a cost-efficient method as it minimizes water loss in gravity irrigation systems 

(Abdelhafez et al., 2020). Higher crop yield can be ensured through proper furrow 

irrigation practices (Zaman et al., 2018). Quick mass area irrigation is possible with 

furrow irrigation (Sable et al., 2019). It is possible to reduce nutrient leaching in furrow 

irrigation because the water is not applied directly on the ridge where the crop is 

growing and where fertilizers are applied as compared to the basin and border strip 

irrigation methods (Yu et al., 2022).  

With furrow irrigation, it is possible to recirculate irrigation runoff water with runoff 

return systems such as pumping (Kandpal, 2018). It is a time and labour-saving method 

where automatic cutback furrow irrigation systems are used (Abera and Gebeyaw, 

2020). Another advantage of furrow irrigation is that the unit cost of pumped water is 

lower which saves money as compared to sprinkler irrigation (Nur and Ofgea, 2019). 

Furrow irrigation, however, does have specific disadvantages. According to Zaman et 

al. (2018), it is not suitable for sandy soils. The method also presents a risk of localized 

accumulation of salts in ridges (Ali et al., 2019). The movement of farm equipment is 

difficult in the furrow fields (Yorozu and Ishigami, 2021). The initial field preparation 
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labour cost is high (Guangyong et al., 2021). It is always difficult to maintain water 

flow and the method is not suitable for some crops. 

 

2.2.1.2 Basin Irrigation method 

According to Abdelhafez et al. (2020), basin irrigation is the most common type of 

surface irrigation method and is particularly used in paddy rice irrigation. A basin is a 

levelled area of land, surrounded by earth bunds, where the flow of water does not 

need to be directed and controlled compared to furrow irrigation method (Loiskandl 

and Nolz, 2021). Figure 2.2 shows an example of basin irrigation practiced by farmers 

in Malawi. Basin irrigation can be a very useful way of leaching harmful salts 

(Woldeselassie et al., 2021). However, a good drainage system should also be provided 

to dispose of the excess water. Basins can be adapted to suit any crop, soil, and farming 

practices (Uribe et al., 2020).  

 

 

Figure 2.2: Farmer practicing basin irrigation at an irrigation scheme in Malawi 

(Source: Trust, 2022) 

The basin irrigation method is more efficient in arid regions where it ensures uniform 

application of water since the slope is practically zero (Pandey et al., 2021). It allows 

good control over irrigation water and high water application efficiency (Suryavanshi 

and Buttar, 2020). The basin irrigation method requires less labour and has low 

maintenance costs than furrow and border strip methods (Oke et al., 2022).  

According to Oke et al. (2022), the basin irrigation method brings about too many 

ridges which occupy a large area of land that could otherwise be used for production. 

Another disadvantage is that the layout requirement in land preparation and irrigation 
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is much higher in basin irrigation as compared to other methods. Further, the method 

impedes surface drainage and requires precise land grading. 

 

2.2.1.3  Border strip irrigation method 

According to Oke et al. (2022) border strips, are strips of land separated by small earth 

bunds that guide the water as it flows down the field. According to Loiskandl and Nolz 

(2021), the strips can have rectangular or contoured shapes, depending on the field. 

The border strip slopes uniformly away from the source of the irrigation water 

(Costabile et al., 2023). They have a downward slope but are as horizontal as possible 

in cross-section to facilitate an even rate of water advance down the longitudinal slope 

(FAO, 1996). Figure 2.3 exemplifies the layout of border strip irrigation. The size, 

length, and width of the border strips depend on the soil type, stream size, irrigation 

depth, slope, field size, and farming practices (FAO, 1996; Birpal et al., 2019). 

 

 

Figure 2.3: Layout of border strip (Source: Oke et al., 2022) 

Border strip irrigation method results in uniform distribution of water if the system is 

properly designed compared to the furrow irrigation method (Nie et al., 2019). 

According to Nikolaou et al. (2020), high water application efficiencies are possible if 

the system is properly designed. The operation of this irrigation method is simple and 
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easy (Wojewodzic et al., 2021). With the border strip irrigation method, the labour 

requirement to irrigate the field is less than for furrow irrigation method (Allen and 

MacAdam, 2020). Its disadvantage is that it requires larger irrigation streams than 

furrow irrigation method (Abidalla et al., 2020).  

 

2.2.2 Sprinkler irrigation system 

Sprinkler irrigation is an irrigation method where irrigation water is applied in a way 

similar to natural rainfall (Patel and Prajapati, 2020). In the sprinkler system (Figure 

2.4), the irrigation water is conveyed through pipes under pressure (Sidar, 2019). When 

properly designed and operated, sprinkler irrigation gives better uniformity and could 

result in higher irrigation efficiency than surface irrigation practices (Sinha, 2022). It 

is adaptable to small and large farms with the right design (Nakawuka et al., 2018). 

The system has high irrigation efficiency and a long life span of about 20 years (Singh 

et al., 2019; Yan et al., 2020).  

The use of properly designed, installed and operated sprinkler irrigation saves 

irrigation water per hectare when compared with surface irrigation while increasing 

crop yield (Acar and Sevincer, 2020). There are several types of sprinkler irrigation 

systems, which can be broadly sub-divided into two groups: set systems, which operate 

with sprinklers in a fixed position, for some time at least, and continuous move 

systems, which operate while moving.  

 

 

Figure 2.4: Components of sprinkler irrigation system (Source: Oke et al., 2022) 
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2.2.2.1 Set sprinkler irrigation system 

Set systems can be further divided according to whether or not sprinklers should be 

moved through a series of positions during the course of irrigating a field (Figure 2.5). 

Those systems that must be moved are called periodic-move systems and those that do 

not require any movement are called fixed systems (Ravikumar, 2022). Periodic-move 

systems can be further divided according to the method of movement of sprinklers 

(Rout et al., 2020) and laterals into hand-move systems (Niragire et al., 2021), where 

laterals and sprinklers are moved manually (Gan et al., 2018), and mechanically-move 

systems, where the movement is done by mechanical means. 

 

 

Figure 2.5: Components of a set sprinkler system (Source: Prestwich and Walker, 

2016) 

 

2.2.2.2 Continuous move irrigation system 

Continuous-move systems have motorized laterals or sprinklers, which irrigate and 

move continuously at the same time (Peters et al., 2021). Their innovation was 

prompted by the need to minimize labour inputs. According to Allen et al. (2020), 

continuous move systems include center pivot (Figure 2.6), linear moving laterals, and 

travelling irrigators. 

 



 

17 

 

 

Figure 2.6: Center pivot irrigation system (Source: Yan et al., 2021) 

 

2.2.3 Localized irrigation systems 

Localized irrigation systems are also called Micro-irrigation or trickle irrigation 

systems. These are pressurized piped systems where filtered irrigation water is 

delivered to the plants without being spread over the entire area but to a limited soil 

surface area around the plants (Tayel et al., 2019). The water is distributed under low 

pressure and the flow rate is low and is applied to each plant or adjacent to it to wet its 

root zone only (FAO, 1996; Johnbosco, 2022). 

Localized irrigation systems are capital-intensive systems with built-in management 

that require very little but skilled labour (Narayanamoorthy et al., 2020). Among the 

main advantages of localized irrigation are (i) it reduces water requirements and 

achieves very high efficiency, while at the same time increasing crop yield and quality 

(Yan et al., 2021). (ii) it is suitable for most soils, (iii) it can be adapted to virtually 

any topography (Abraham, 2019), (iv) it reduces weed growth due to the limited 

wetted area, and (v) it provides the means for very frequent irrigation, daily if needs 

be (Domínguez-Niño et al., 2020). Hence it is particularly suitable for light shallow 

soils, irrespective of the slope, and shallow-rooted crops (Ali et al., 2019). 

The main disadvantages of localized irrigation systems include: (i) their high capital 

cost (Alcon et al., 2019), (ii) they are not suitable for crops that are not in rows, (iii) 

they are susceptible to clogging especially in hot areas with water that has high 

concentrations of calcium carbonates and they tend to build up localized salinity, 

especially in low-rainfall areas, they require increased maintenance which may include 
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periodic injections of sulfuric acid and chlorine or other chemicals to avoid plugging 

of emitters, and (v) they require higher skills to maintain and operate (Almeida et al., 

2022). 

Localized irrigation systems are divided into drip, spray, and bubbler irrigation 

methods (Paredes et al., 2022). 

 

2.2.3.1 Drip irrigation method 

Drip irrigation applies water directly to the soil surface and allows the water to 

dissipate under low pressure in a form of drops (Ravikumar, 2022). Ideally, the area 

between rows or individual plants remains dry (Tolossa, 2020) and receives moisture 

only from incidental rainfall (Santosh et al., 2019). In this system (Figure 2.7), the 

emitters and laterals are laid on the land surface (Ravikumar, 2022). It has been 

primarily used on widely spaced plants (Singh et al., 2020), but can also be used for 

row crops (Çetin and Akalp, 2019). Advantages of this system include the ease of 

installation (Navneet et al., 2021), changing and cleaning the emitters and measuring 

individual emitter discharge (Sarker et al., 2019). Often the terms drip and trickle 

irrigation are considered synonymous (Choi and Labhsetwar, 2020).  

 

 

Figure 2.7: Schematic diagram of drip irrigation system (Source: NETAFIM, 2015) 
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2.2.3.2 Spray irrigation method 

Spray irrigation is also known as micro spray or micro-jet irrigation method (Kibuye 

et al., 2019). Figure 2.8 shows micro-sprayer irrigation. Spray irrigation is a form of 

irrigation where pressurized water is sprayed on the soil near individual plants (Kibuye 

et al., 2019). The difference between this method and drip irrigation is that it wets a 

larger area and it is suitable for coarse soil. If you have a larger area that needs 

watering, spray irrigation is the best solution (Omran and Negm, 2020). It also allows 

the irrigator to water the field less frequently (Jobbágy et al., 2022). 

 

 

Figure 2.8: Micro-spray irrigation (Source: Rashad et al., 2021) 

 

2.2.3.3 Bubbler irrigation method 

Bubblers are very similar to the point source online emitters in shape but differ in 

performance (Tayel et al., 2019). In this method, the water is applied to the soil surface 

in a small stream or fountain from an opening with a point source (Fayed, 2020). 

Bubblers (Figure 2.9) are small-sized water emitters designed for localized flood 

irrigation of small areas. Consequently, a small basin is required to control the 

distribution of water because the discharge of the bubbler is usually higher than the 

soil infiltration rate (Fayed, 2020; Rashad et al., 2021).  The advantages of bubbler 

systems are that they have high irrigation application efficiency and low maintenance 

or repair and energy requirements as compared to other localized irrigation systems 

(Eisenhauer et al., 2021).  
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Figure 2.9: Bubbler irrigation method (Source: Ame and Shouhua, 2022) 

Bubbler systems use a larger size lateral to reduce the pressure loss associated with a 

high discharge rate (Ame and Shouhua, 2022). The bubbler heads are used in planter 

boxes, tree wells, or specialized landscape applications where deep localized watering 

is preferable (Özocak, 2020). High irrigation application efficiency of up to 75% can 

be achieved with total control of the irrigation water (Dhehibi et al., 2018). According 

to Dhehibi et al. (2018), the entire piping network is buried, so there are no problems 

in field operations. According to Ame and Shouhua (2022), this system presents some 

limitations such as (i) high initial purchase cost; (ii) small water flows cannot be used 

as in other micro-irrigation systems; and (iii) in sandy soils with high infiltration rates, 

it is difficult to achieve a uniform water distribution over the crop basins. 

 

2.2.4 Subsurface irrigation systems 

The subsurface irrigation system, exemplified in Figure 2.10, is an irrigation system 

that comes with water emitters connected to a delivery line all installed below the soil 

surface to distribute water to the soil directly from under the surface (Appels and 

Karimi, 2021). The delivery line prevents airborne drift and minimizes runoff (Ma et 

al., 2020). According to Cai et al. (2021), it is used to irrigate almost all plants grown 

in arid areas. The system prefers permeable root zone soil so that the emitters reach 

every root under the surface (Niragire et al., 2021).  
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Figure 2.10: Artistic view of subsurface irrigation system (Source: Santos and 

Torres-Quezada, 2018) 

Subsurface irrigation eliminates surface water evaporation and reduces the frequent 

occurrence of weeds and disease while saving water and improving the yield (Yao et 

al., 2021). The subsurface irrigation system can render these functions since water is 

applied directly to the root zone of the plants or crops, which saves it from the soil 

surface where the seeds of weeds germinate after cultivation (Hussain et al., 2020). 

This irrigation system enhances the efficiency of water application, especially in a 

large area (Yang et al., 2020). However, there is a possibility of the emitters getting 

blocked or damaged by root hairs (Santos and Torres-Quezada, 2018). 

 

2.3 FACTORS AFFECTING IRRIGATION 

2.3.1 Climatic factors affecting irrigation 

Solar energy is required by the plant to withdraw water from the soil through 

transpiration. The most important climatic factors affecting transpiration include light, 

relative humidity, temperature, soil water, wind, and the net radiation available to the 

plant (Hajickova et al., 2017; Jolliet and Bailey, 2020). Increasing the humidity of the 

air surrounding the leaf decreases the vapor pressure difference between the leaf and 

the surrounding air, therefore, reducing the rate of transpiration (Sausa-Gallagher et 

al., 2013; Wang et al., 2018). Conversely, the wind sweeps away any layer of water 

vapor accumulated around the leaf thereby increasing the transpiration rate (Ma and 

Liu, 2019; Schwartz et al., 2022). If the air around the leaf is replaced by warmer 

and/or dryer air, the transpiration rate increases.  According to Ma and Liu (2019) the 

transpiration rate decreases if the wind brings cooler and/ or humid air. Radiation raises 
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leaf temperature above that of the surrounding air and hence increases the transpiration 

rate (Graf et al., 2021; Khuluq et al., 2022). The presence or absence of short-wave 

radiation in light triggers the opening or closing of stomata respectively. Thus, the 

stomata of most plants are open during the day and closed at night (Korner et al., 2021; 

Tarakanov et al., 2022).  

 

2.3.2 Soil factors affecting irrigation  

Soil acts as the reservoir for water needed by plants (Peng et al., 2019). Water is 

actually “held” in the soil as a film coating on soil particles, and in the pore space 

between particles by combined adsorptive and capillary forces called matric forces 

(Wallach, 2019). Matric forces have to be overcome to remove water from the soil. As 

the voids are filled with water and the soil approaches saturation the matric forces 

holding the water in the soil approach zero (Liu et al., 2019). At saturation, some soil 

water called gravitational water is drained past the plant root zone and this water is 

practically not available to plants. The soil water content at which drainage by gravity 

virtually stops is called field capacity (𝜃𝑓𝑐) (Wang et al., 2020). The moisture content 

below which plants are not able to extract water is called the permanent wilting point 

(𝜃𝑝𝑤𝑝). 

Theoretically, plants are able to obtain water from the soil between 𝜃𝑓𝑐 and 𝜃𝑝𝑤𝑝 (Seifi 

et al., 2022). However, the rate of water uptake decreases as more and more water is 

removed from the soil (Ruth et al., 2019). Towards 𝜃𝑝𝑤𝑝, plants become stressed and 

that reduces their productivity (Ricci et al., 2020). There exists a moisture content level 

below which plants start to have stress because of the difficulties in extracting water 

against the large soil matrix potential (Salimi et al., 2017). This is called the critical 

moisture content (𝜃𝑐). Soil water content between 𝜃𝑓𝑐 and 𝜃𝑐 is called readily available 

water (𝑅𝐴𝑊) and is computed by Equation 2.2 (Silla, 2018): 

 

𝑅𝐴𝑊 =  
(𝜃𝑓𝑐 − 𝜃𝑐) ∗ 𝐷𝑟𝑧

100
                                             (2. 1) 

 

Where: 

𝑅𝐴𝑊  = readily available water in soil (mm) 



 

23 

 

 𝜃𝑐 = critical soil moisture content (%) 

𝐷𝑅𝑍 = effective root zone depth (mm) 

𝜃𝑓𝑐 = soil moisture content at field capacity (%) 

 

(i) Soil characteristics 

Soil characteristics can be highly variable much smaller scale that affects irrigation 

management and decisions (Azami et al., 2020). Irrigation decisions, include: (i) 

irrigation system choices, (ii) components of system and design and (iii) operation and 

managements decisions. Plant responses and sensitivity to water, nutrient and salinity 

management, can significantly be influenced by soil characteristics (Nikolaou et al., 

2019). Some of the major soils characteristics that influence irrigation are discussed 

below:  

Solids (mineral and organic matter), water, and air are the three major components of 

soil (Jia et al., 2019). Other than through changes in organic matter fraction under 

some environmental/ management conditions, the solids fraction in most soils tends to 

vary little over time unless subject to erosive processes (Hooshmand et al, 2019). The 

water plus air portions (pore volume) can also be affected to some extent by 

management practices (Elmetwalli and Elnemr, 2020). These management practices 

can reduce the pore volume due to compaction (Jabro et al., 2020). The water fraction 

is of course highly volatile, affected by evaporation, plant water extraction, drainage 

etc. (Guangyong, 2021). 

 

(ii) Soil texture 

Most managers are well-acquainted with textural classifications (textural triangle) to 

characterize mineral soils. Soil particles  2mm in size are separated out, the rest 

characterized as Clay (< 0.002mm), Silt (0.002-0.05mm), Sand (0.05-2.0mm) (Cai et 

al., 2021).  Once the sand, silt and clay fractions are known, the textural class can be 

determined using textural triangle (Figure 2.11). According to Seifi et al. (2022), soil 

texture determination is important because many soil properties are influenced by 

texture including drainage, water-holding capacity, and aeration, susceptibility to 

erosion, cation exchange capacity, and soil tilth. Since soil texture influences the 

infiltration rates, it determines the irrigation water application rates. Consequently, as 
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presented in section 1.2.6.3, soil texture influences the selection of irrigation systems 

and methods.  

 

 

Figure 2.11: USDA soil textural triangle (Source: Moreno-Maroto and Alonso-

Azcárate, 2022) 

 

(iii) Soil water holding capacity 

Soil water holding capacity (SWHC) is one term used to describe the amount of plant-

available water held between field capacity and the permanent wilting point of a soil 

(Patel and Prajapati, 2020). Some broad generalization are medium textured soils, 

course soils and fine-textured soils. Medium-textured soils have higher water holding 

capacity than coarser or finer textured soils (Djaman et al., 2021). This is often related 

to improved structure, resulting in larger pores to hold water. Coarse soils tend to have 

less aggregation and few small pores to hold water. So, soil water holding capacity is 

lower (Li et al., 2021). Fine–textured soils with higher clay content, can have less 

structure/aggregation and many small pores that hold water more tightly, resulting in 



 

25 

 

less plant-available water (Fantaw et al., 2020). Common ranges of SWHC by soil 

texture are provided in Table 2.1. 

 

Table 2.1: A guide to available water storage capacities based on textural class 

Textural Class Available water Storage Capacity 

(AWSC) (mm water / m soil) 

Clay 200 

Clay Loam 200 

Silt loam 208 

Loam 175 

Fine sandy Loam 142 

Sandy loam 125 

Loamy sand 100 

Sand 83 

 (Source: Wang et al., 2020) 

 

(iv) Soil structure 

Soil structure refers to how soil particles are grouped into larger aggregates (Nair, 

2019). It is strongly affected by proportions of soil particles across different textural 

classes (Schwartz et al., 2022). It can also be affected by environmental occurrences 

and cultural management practices, at least in the upper soil profile (Li et al., 2020). 

Soil structure affects the rate at which water and air can move through the soil, root 

penetration, and the availability of nutrients to plants. Well-structured soils are usually 

more desirable for agricultural production because structured soils can hold and 

conduct water and gasses and are also able to support load-bearing activities, such as 

field traffic.  Tillage of some fine-textured soils, particularly when they are wet, can 

destroy the soil structure, as can irrigation with high sodium (salt) content, which 

causes dispersion (Birpal et al., 2019). 

 

(v) Soil bulk density  

Soil bulk density expresses the ratio of the mass of dry soil to the total volume occupied 

in the soil (Lafosse and Fernandez-concha, 2013). The total volume includes both the 

solids and the pore spaces. It is important because it is an indicator of the soil’s porosity 
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(Gu et al., 2020). The porosity of a soil is defined as the volume percentage of pores 

in a soil (Cai et al., 2019).  Within a soil of similar texture, a compacted soil has lower 

porosity and thus a greater bulk density, while a loose soil has a greater porosity and a 

lower bulk density (Rout et al., 2020). Bulk density also provides information about 

the potential for leaching of agrochemicals, erosion, and crop productivity (Seifi et al., 

2022). Soils with high bulk density, such as sands, can promote vertical leaching of 

nutrients and reduce their availability to crops (Scoones et al., 2019). As with soil 

structure, soil bulk density can be affected by physical management practices, such as 

tillage. Bulk density is generally measured in a soil sample obtained with a core, which 

is used to extract undisturbed samples from various depths in the soil profile (Lu et al., 

2019).  

 

2.3.3 Crop factors affecting irrigation  

Different crops need different quantities of water at various growth stages (Ewaid et 

al., 2019).  For example, in earlier stages, plants need less water whereas more water 

is required in their growth period (Laxa et al., 2019). The structure of plant roots also 

affects water demand (Gupta et al., 2020). Water is required by the plant for such 

processes as metabolism, growth, structural support, photosynthesis, and transport of 

products of photosynthesis and transpiration (Yoon and Choi, 2020). The largest 

proportion of water required by plants is used in the process of transpiration (Mwiya 

et al., 2020). The combined processes of evaporation (evaporating surfaces such as 

wet soil) and transpiration is called evapotranspiration. 

 

2.3.4 Reference evapotranspiration and crop evapotranspiration 

Reference evapotranspiration ( 𝐸𝑇𝑜 ) is a standard measurement of environmental 

parameters which affect the water use of plants (Sowmya et al., 2022).  According to 

Sowmya et al. (2022), ETo is commonly used as a standard estimate of 

evapotranspiration (Sowmya et al., 2022. 𝐸𝑇𝑜 information enables irrigators to better 

match irrigations with the requirements of actively growing plants, thereby assisting 

to achieve higher yields and improve water productivity (Abd El-Mageed et al., 2018). 

According to Patel and Prajapati (2020), it also helps take the guess-work out of 

irrigating. A small, but regular improvement in irrigation scheduling can significantly 

increase over-all plant production and quality (Singh et al., 2020). By regularly 

https://www.lawinsider.com/dictionary/reference-evapotranspiration
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monitoring 𝐸𝑇𝑜  data, irrigators can become better informed about plant water 

requirements and are able to improve their scheduling effectiveness (Kibuye et al., 

2019). 𝐸𝑇𝑜 can be a very useful learning tool. Another advantage of using 𝐸𝑇𝑜 is that 

local 𝐸𝑇𝑜 values are relevant across a whole farm or small district (Tolossa, 2020).  

Evapotranspiration is the loss of water from both plants and the soil (Patel and 

Prajapati, 2020). The main drivers of evapotranspiration are sunlight, wind, humidity 

and temperature (Liu et al., 2019). Middle illustration of Figure 2.12 shows the process 

of evapotranspiration and the corners of Figure 2.12 shows the main drivers of 

evapotranspiration.  

 

 

Figure 2.12: Evapotranspiration concept diagram (Source: FAO, 2015) 

 Crop evapotranspiration (evapotranspiration) ((𝐸𝑇𝑐) is estimated from the reference 

evapotranspiration by using crop water coefficient (𝐾𝑐 ) as shown in Equation 2.3 

(Kassaye et al., 2020). 
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𝐸𝑇𝑐 = 𝐸𝑇𝑜 ∗ 𝐾𝑐                                                       (2. 2) 

 

The 𝐾𝑐 increases in line with plant growth until a full canopy is developed (Frake et 

al., 2020) then it reduces as the crop matures (Figure 2.13).  

 

Figure 2.13: The generalized variation of 𝐾𝑐 over the crop growth period 

According to Patel and Prajapati (2020), evapotranspiration provides a relatively 

objective and reliable estimate of the water requirements of actively growing plants in 

a farm situation. Evapotranspiration information can be used by irrigators to more 

accurately schedule irrigations to help improve water productivity. 

 

2.4 IRRIGATION SCHEDULING 

Irrigation scheduling is the technique utilized by irrigation system managers to 

determine the appropriate frequency and duration of watering (Zinkernagel et al., 

2020). The main reason for irrigation scheduling is to enable the application of 

sufficient water to moisten the root zone of the plant while eliminating the possibility 

of over or under watering (Lerna, 2023). It also permits the soil to dry out in between 

watering periods which allows air entry into the soil as well as encourages better root 

development (Obiechefu and Emerson, 2020).  
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Irrigation scheduling is mandatory for the efficient management of water because it 

provides the answers to the questions of when to irrigate, how to irrigate, and how 

much to irrigate (Alvino and Ferreira, 2021). Irrigation scheduling is important not 

only for water savings, but also for improved crop yields (Placide et al., 2019). It is 

used to determine the exact amount of water to be applied to the field and the exact 

timing for an application that increases irrigation efficiency (Sahoo et al., 2022). A 

critical element is the accurate measurement of the volume of water applied or the 

depth of water application. Through irrigation scheduling, uniform water distribution 

across the field can also be achieved and this accurate water application prevents over 

or under irrigation (Zinkernagel et al., 2020). 

According to Zahoor et al. (2019), irrigation scheduling enables farmers to schedule 

water rotation among the various fields to minimize crop water stress and maximize 

yields. It also reduces farmers’ cost of water and labour through less irrigation, thereby 

making maximum use of soil moisture storage (Islam et al., 2020). In Crops that rely 

on fertilizers, irrigation scheduling helps to lower the cost of fertilizer by holding 

surface runoff and deep percolation or leaching to a minimum extent (Ahmed et al., 

2022). Holding other factors constant, it can increase net returns by increasing crop 

yields and crop quality (Taghvaeian et al., 2020). It also minimizes water logging 

problems by reducing drainage requirements (Gouthami and Kumar, 2022). 

It assists in controlling root zone salinity through controlled leaching (Gallardo et al., 

2020). According to Gouthami and Kumar (2022), irrigation scheduling brings 

additional returns by using the “saved” water to irrigate non-cash crops that otherwise 

would not be irrigated during water scarce periods. Irrigation scheduling enables the 

farmer to practice either full or deficit irrigation (Lipan et al., 2021). 

Over the years, several irrigation scheduling techniques based on soil-water-plant 

monitoring and water balance approaches have been developed (Mwiya et al., 2020). 

For any approach, the three parameters to be considered in preparing an irrigation 

schedule are the effective root zone depth, the total available moisture, and the daily 

crop water requirements (Ewaid et al., 2019). The first two parameters are discussed 

in section 2.3.2 and the last parameter is discussed below.  
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2.4.1 Daily crop water requirements 

Daily crop water requirements (CWR) refer to the amount of water required daily to 

compensate for evapotranspiration losses from a cropped field during a specified 

period of time (Minhas et al., 2020). It is used for management purposes in estimation 

irrigation water requirements, irrigation scheduling, and water delivery scheduling 

(Bellver et al., 2021). The procedures for the estimate of crop water requirements 

correspond to those of crop evapotranspiration since both terms refer to the same 

amount of water. The crop water requirements of one crop variety vary from one 

location to other due to variations of climatic parameters (Bellver et al., 2021). 

 

2.4.2 Irrigation water requirements 

Irrigation requirement includes water used for crop consumptive use, maintaining 

favorable salt balance within the root zone, and overcoming non-uniformity and 

inefficiencies of irrigation (Pirmoradian and Davatgar, 2019). Irrigation requirement 

(𝐼𝑅) can be computed when ETc is known using the Equation 2.4 (Silla, 2018): 

 

𝐼𝑅 =

𝐸𝑇𝑐 − 𝑃𝑒 + 𝐿𝑅 + [ 
(𝜃𝑖 − 𝜃𝑓) ∗ 𝐷𝑟𝑧

100  ]

𝐸𝑠
                  (2. 3) 

 

Where: 

𝐼𝑅 = overall irrigation requirement for time interval under consideration (mm) 

𝐸𝑇𝑐 = Crop evapotranspiration for the period under consideration (mm)  

𝑃𝑒 = precipitation for the same time interval under consideration (mm)  

𝐸𝑠 = overall irrigation system efficiency (%) 

𝐿𝑅 = Leaching requirement, (amount of water that must flow from the root 

zone to maintain favorable salt balance in the root zone) in mm. 

 

2.4.3 Irrigation scheduling methods 

All irrigation scheduling methods consist of an irrigation criterion that triggers 

irrigation and an irrigation strategy that determines how much water to apply 

(Martínez-Romero et al., 2021). Irrigation criteria are indicators used to determine the 

need for irrigation. Over the years, several methods have been developed for irrigation 
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scheduling which can broadly be classified into soil indicators, climatological, plant 

indices, and water balance method (Gu et al., 2020).  

Soil indicator methods include feel and appearance, the gravimetric method, neutron 

probe, TDR, tensiometers and porous blocks soil measurement (Singh et al., 2019). In 

these methods, the available soil water held between field capacity and permanent 

wilting point in the effective crop root zone depth is taken as a guide for determining 

practical irrigation schedules (Mohammed et al., 2021).  

The feel and appearance method is one of the oldest and simplest techniques for 

determining soil moisture content. It is done by visual observation and feeling of the 

soil by hand (Rowe, 2018). Using this method, the accuracy of judgement improves 

with experience. The climatological approach for irrigation scheduling is done based 

on the ratio between the depth of irrigation water and cumulative evaporation from 

Class A pan (Pachore and Deore, 2022). It depends on the proper installation of the 

pan evaporimeter and rain gauge and their measurements (de Almeida et al., 2023). 

Further, the suitability of the method is site specific (Akpoti et al., 2019).  

However, despite some of these limitations of the Pan Evaporation method, it is still 

widely used in some parts of East and Southern Africa (Soroush et al., 2020). This is 

mainly because the method is very practical and simple, which appeals to many 

farmers and practitioners (Seifi et al., 2022). In most cases, the Class A evaporation 

pan is used. The Class A pan is circular, 120.7 cm in diameter and 25 cm deep 

(Kucserka et al., 2018; Fard et al., 2021; Kumari et al., 2022). It is made of galvanized 

iron or Monel metal. It is filled with water to 5 cm below the rim, and the water level 

should not be allowed to drop to more than 7.5 cm below the rim. The water should be 

regularly renewed, at least weekly, to eliminate extreme turbidity.  

The measured evaporation from a pan (Epan) is related to the reference crop 

evapotranspiration (ETo) through an empirically derived pan coefficient (Kp) as given 

in Equation 2.5 (Babakos et al. (2020): 

 

𝐸𝑇0 = 𝐾𝑃 ∗ 𝐸𝑃𝑎𝑛                                                        (2.5) 

Where:  
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𝐸𝑇0= Reference crop evapotranspiration (mm/day)  

𝐾𝑃= Pan coefficient  

𝐸𝑃𝑎𝑛= Pan evaporation (mm/day) 

Pan readings (𝐸𝑃𝑎𝑛 ) are taken daily in the early morning, at the same time that 

precipitation is measured (Mekoya et al., 2019). Measurements are made in a stilling 

well that is situated in the pan near one edge (Watras et al., 2019). According to Gu et 

al. (2020), by measuring the daily evaporation (𝐸𝑃𝑎𝑛), the ETc can be calculated so 

that the farmer will know within how many days the allowable soil moisture depletion 

will be reached. Then, if the amount of water available in the root zone depth and the 

allowable depletion are known, the time that irrigation is due can be calculated (Jabro 

et al., 2020). 

Irrigation scheduling using plant indices can be done by looking at visual plant 

symptoms, plant water potential, or canopy temperature (Sarkar et al., 2021). Visual 

plant symptoms are used as an index for scheduling irrigations that include the colour 

of plants; curling, rolling and wilting of leaves and change of leaf angle (Malo, 2020). 

Secondly, plant water potential is an in-situ estimate of the energy status of plant water 

and is analogous to the energy measurements of soil water (Beyer et al., 2020). 

According to Malo (2020), it is precisely measured either by a pressure bomb or 

pressure chamber apparatus and serves as a better index of physiological and 

biochemical phenomena occurring in plants. When the potential values fall below 

critical limits specific to the crop and growth stage, physiological and growth factors 

are adversely affected thereby serving as a guideline for irrigation scheduling (Dahal 

et al., 2019). Thirdly, canopy temperature reflects the internal water balance of the 

plant which can be used as a potential indicator for scheduling irrigation (Nanda et al., 

2018). It is measured by a porometer, infrared thermometer (Gonzalez-Dugo et al., 

2019). 

Irrigation scheduling based on the water balance approach uses readily available 

information on weather, crop and soil. It can be expressed in terms of soil moisture 

depletion (Ali et al., 2022) as follows: 
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𝑆𝑀𝐷𝐶𝑢𝑟𝑟𝑒𝑛𝑡 = 𝑆𝑀𝐷𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 − 𝐸𝑇𝑐 − 𝐷𝑃 + 𝐼 + 𝑃𝑒 + 𝐺𝑊       (2. 4) 

 

Where: 

𝑆𝑀𝐷  = total soil moisture depletion in the root zone. It is defined as the 

difference between total soil moisture stored in the root zone at the field 

capacity and the current moisture status; 

𝐸𝑇𝑐 = crop evapotranspiration; 

𝐷𝑃 = deep percolation; 

𝐼 = irrigation amount; 

𝑃𝑒 = effective rainfall; 

𝐺𝑊= the capillary rise/groundwater contribution. 

Irrigation scheduling can be performed based on a fixed interval, fixed depth or 

maximum allowable depletion (MAD) criteria (Muroyiwa et al., 2022). According to 

Gu et al. (2020), the estimated irrigation requirement under a fixed interval is equal to 

soil moisture depletion at the end of the interval. In the case of fixed depth, irrigation 

is required when soil moisture depletion becomes equal to irrigation depth (Lena et 

al., 2022). According to Lena et al. (2022), irrigation scheduling based on MAD is 

determined as follows: 

 

AD = TAW ∗ MAD                                                  (2. 5) 

 

Where: 

AD = allowable depletion depth, 

MAD = maximum allowable depletion limit. It is defined as the fraction of 

TAW that can be safely removed from the soil to meet the daily ET demand, 

TAW = total available water. 

 

All the irrigation criteria used for scheduling can be used with both full and deficit 

irrigation (DI). Under full irrigation, crops are not subjected to any moisture-based 

stress as the crop water requirements are fully met and if water is the only limiting 

factor, the crop yield is potential yield (Ali, 2007). However, under DI, if only water 

is the limiting factor, the crop yield is less than potential because the crop is subjected 

to moisture-based stress. The detailed presentation of the DI concept is in section 2.5. 
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2.5 DEFICIT IRRIGATION  

DI has many definitions. Ali et al. (2019) defined it as an optimization technique in 

which irrigation is applied during drought-sensitive growth stages of a crop thereby 

concentrating the application of limited seasonal water supplies on drought-sensitive 

growth stages of a crop. Water restrictions are limited to drought-tolerant stages, often 

the vegetative stages and late ripening period. According to Liu, et al., (2018) and 

Begum et al. (2018), DI allows economic optimization of water use for crop 

production where water is limited and Playán et al., (2018) noted that it also involves 

structural adjustments (e.g., policies that support this kind of measure) in the 

agricultural system. Furthermore, this watering technique is multifaceted, inducing 

changes at the technical, socio-economic, and institutional levels and can be practiced 

with all irrigation systems (surface, sprinkler, localized, and subsurface irrigation 

systems) (Omran and Negm, 2020). 

There are many deficit irrigation strategies which have been used successfully with 

many crops to improve water use efficiency and crop quality. These deficit irrigation 

strategies are sustained deficit irrigation (SDI), regulated deficit irrigation (RDI), and 

partial root zone drying (PRD) (Lipan et al., 2021).  

 

2.5.1 Sustained deficit irrigation  

Sustained deficit irrigation (SDI) is one of the DI strategies where a constantly reduced 

amount of water is applied to a crop and it involves the application of water to meet 

over 75% to less than 25% of the ETc (Gonçalves et al., 2019). SDI leads to a gradual 

increase in water deficit as the season advances, allowing plants to adapt. 

 

2.5.2 Regulated deficit irrigation 

Regulated deficit irrigation (RDI) is another DI strategy that provides irrigation water 

below the full needs for specific development stages (Vivaldi, et al., 2021). It was 

developed in the 1980s and has been proven suitable for arid and semi-arid areas (Yang 

et al., 2020).  According to Lu et al. (2019), RDI has been developed as an irrigation 

water management approach to control plant growth. This is in contrast to Gonçalves 

et al. (2019), whose findings showed that the strategy does not control vegetative 

growth. Furthermore, Blanco et al. (2020), proposed that RDI could be a promising 
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mitigation strategy in a scenario of climate change vulnerability. In principle, RDI has 

the potential to save water without any or with minimal yield and quality reduction 

(Lu et al., 2019). 

 

2.5.3 Partial root-zone drying 

This is a DI strategy that improves crop quality while preventing yield loss (Igbal et 

al., 2020). It is an improvement over the DI in which irrigation is alternated spatially 

and temporally to produce wet-dry cycles in many parts of the root system (Qin et al., 

2018). PRD alternately lets one part of the root zone be exposed to drying soil while 

the other part is being irrigated (Figure 2.14). The root growing on the irrigated side 

can absorb enough water for the maintenance of high shoot water potential (Jensen et 

al., 2010; El- Abedin et al., 2019).  On the other hand, the roots that grow on the other 

part not exposed to irrigation produce abscisic acid (ABA) which enables the plant to 

develop a mechanism that optimizes water use (Abyaneh et al., 2017). In Surface 

irrigation systems PRD is practiced as alternate or fixed furrow irrigation (Mehrabi et 

al., 2019). 

 

 

Figure 2.14: Typical partial root zone drying system (Source: Cai et al., 2019) 
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(i) Alternate furrow irrigation strategy 

Alternate furrow irrigation (AFI) strategy is defined as the strategy where one of the 

two neighboring furrows is alternately irrigated during consecutive watering (Getnet 

and Molla, 2020). AFI is a way to save water in arid areas where crop production relies 

heavily on repeated irrigation (Khalili et al., 2020). According to Pereira and 

Gonçalves (2018), this method reduces water application to the entire field, leading to 

better on-farm water management flexibility under different surface irrigation 

conditions. 

 

(ii) Fixed furrow irrigation strategy 

 Fixed furrow irrigation (FFI) strategy is the irrigation practice where irrigation is fixed 

to one of the two neighboring furrows (Abera et al., 2020). FFI is recommended in 

areas where the irrigation water supply is limited. It can also be used if the irrigation 

water quality is low (Mansuri et al., 2018).  

 

2.5.4 Conventional furrow irrigation strategy 

The conventional furrow irrigation (CFI) strategy is the irrigation practice where every 

furrow is irrigated during each watering (Yang et al., 2020; Torres et al., 2021). CFI 

is the typical furrow irrigation strategy discussed under surface irrigation methods 

(section 1.2.1). 

 

2.5.5 Similar studies of alternate and fixed irrigation as deficit irrigation 

strategies 

Alternate and fixed furrow irrigation systems can supply water in a manner that greatly 

reduces the amount of the soil surface wetted leading to less evapotranspiration and 

less deep percolation. The reduced evapotranspiration in the AFI and FFI methods is 

due to a reduction in wet soil surface compared with conventional furrow irrigation. 

Abebe et al. (2021), in Ethiopia, conducted a study to assess the effects of furrow 

irrigation methods and intervals on tuber yield, quality of potatoes, and water 

productivity. The study also sought to determine the optimum irrigation amount for 

potato production. The treatment consisted of two potato genotypes of Bubu and CIP- 
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392781.1, two furrow irrigation strategies (FFI and AFI), and three irrigation intervals 

of 6, 8, and 10 days. The results showed that CIP-392781.1 registered the highest tuber 

average weight of 158.03g with FFI at a 6-day interval. The genotype of Bubu showed 

the highest water productivity of 13.20kg/m3 with AFI at 8-day interval where 17.6% 

of irrigation water was saved, which could irrigate an additional area of 0.25ha. Thus; 

the effect of deficit irrigation on potato yield, quality and water productivity depends 

not only on the level of the water stress the potato crop is subjected to as represented 

by the length of the irrigation interval in this case but also on the genotype of the 

potato. 

Elhani et al. (2019), in Morocco, assessed the water saving irrigation techniques, such 

as FFI and AFI against CFI on potato cultivar Mondial under greenhouse conditions. 

The results showed that the yield penalty with FFI was similar to that caused by AFI. 

20% of water was saved in FFI and AFI. In other words, FFI and AFI produced similar 

results in terms of yield reduction and water saving ability. 

Qin et al. (2018), in China, made a comparative study of potato production under FFI, 

AFI and CFI using similar volumes of water per irrigation and irrigation intervals of 

10 days in both strategies (FFI and AFI). The results showed the highest WUE were 

under both FFI and AFI without a significant yield reduction. FFI produced a 3.1% 

higher net benefit than AFI. The input and output ratios for FFI and AFI were 10% 

more profitable than CFI. The effectiveness of different DI strategies on potato 

productivity is affected by different factors to different extents some of which are 

known while others are not known. Ahmadi et al. (2016) investigated the effects of DI 

strategies on water productivity, tuber yield and tuber size distribution of two potato 

varieties of Agria and Ramos subjected to DI strategies in a semi- arid area. They used 

a fixed irrigation interval of 7 days. Their study found that AFI and FFI decreased 

yield of Agria potato variety relative to full irrigation. Thus; under non-limiting water 

conditions, some cultivars produce higher fresh tuber yield. 

Among the reasons for the differences in results was that potatoes are drought sensitive 

crops which close stomata under mild to severe conditions. Hence, the potatoes in the 

other studies which were done in regions with high relative humidity might not have 

undergone severe evaporative demands leading to severe stress as compared to the 
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crop grown in the semi-arid region. The emphasis was that the success of a PRD 

(AFI/FFI) strategy depends on crop varieties, growing stage, evaporative demand, soil 

texture and soil water balance. 

Furthermore, Igbal et al. (2020) did a review of the effects of PRD strategy and its 

significance in agriculture. The study indicated that the practical significance of the 

strategy depends on many factors which include soil conditions, crop variety, 

environmental conditions and method of irrigation. They pointed out that PRD 

promotes the production of ABA which is moved to the crop shoot and acts as an anti-

stress aid which helps the plant to conserve water by reducing stomatal moisture 

conductance. 

Kassaye et al. (2020) evaluated the influence of AFI under different irrigation levels 

(20, 25, and 50%) on growth, yield, water use efficiency and profitability of potato 

production. The AFI was compared with CFI and FFI. In the study, water was applied 

according to a predetermined set up which was not described. The study found that the 

potato yield for the AFI under 25% MAD and the CFI under 20% MAD were 

practically the same. This was attributed to the fact that the water stress induced by the 

AFI and reduced level of irrigation water enhanced nutrient use by stimulating plant 

root growth which made the root system deeper, denser and wider. Furthermore, 

improved water use efficiency was attributed to the role played by the ABA in reducing 

the rate of transpiration by partially closing the stomata without hindering 

photosynthesis, plant growth and yield. 

Ahmadi et al. (2016) stated that DI strategies are common water-saving irrigation 

techniques which improve water productivity in irrigation projects. They reported that 

DI strategies increase potato nitrogen uptake which could be associated with the 

increased root system. 

With reference to the findings above, the success of DI strategies depends on potato 

variety, soil type, climate and soil water balance. These findings imply that for each 

region and country there is a need to investigate, where this has not yet been done, the 

optimal DI strategy that can work in that region or country. No study was found which 

investigated optimal DI for potato production in Malawi. Consequently, for Malawi 
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there exists a knowledge gap as regards the best DI strategy for potato production 

under the existing irrigation scheme setup used by small scale farmers to grow 

potatoes. In addition, in terms of irrigation scheduling, most of the previous studies 

applied fixed irrigation intervals. These did not consider the fact that crop water use 

varies with the growth stage. Therefore, there is also need to investigate DI strategies 

where irrigation scheduling takes into account changes in crop evapotranspiration. 

Further, earlier studies did not highlight the complexities of land ownership as they 

affect benefits from water savings from DI strategies and their ultimate economic 

benefits. This knowledge gap should be highlighted in studies that discuss the benefits 

of DI strategies. 

 

2.6 EVALUATION OF THE CROP IRRIGATION PROJECT 

2.6.1 Water use efficiency  

Water use efficiency (WUE) has very diverse definitions. It can be defined as the ratio 

of crop yield (Y, kg ha-1) grown in a known area to the amount of water the crop 

consumed while growing on the area (ET, m3 ha-1) mostly expressed in mm (Mbava et 

al., 2020; Kassaye et al., 2020). WUE in the field can be improved through better soil 

fertility management and mulching which reduces soil evaporation (Zhuo and 

Hoeksta, 2017) thereby reducing the irrigation intervals and quantity of irrigation. 

In cases where water is scarce to limit crop production, improvement of the irrigation 

WUE is particularly relevant and may lead to water savings which may be used to 

irrigate more land (Koech and Langat, 2018; Ghazouani et al., 2019). WUE is more 

pronounced in surface irrigation systems (e.g. furrow) whereby irrigation water is 

conveyed over the soil surface (Koech and Langat, 2018). To increase WUE, it is 

necessary to adopt irrigation water-saving strategies, like RDI or partial root-zone 

drying (Ghazouani et al., 2019). 

 

2.6.2 Profitability 

Profitability can be considered either as accounting profits or economic profits (Yoon 

and Choi, 2020). Accounting profit is a type of profit which is earned after various 

costs and expenses are subtracted from total revenue (Berhanu, 2019). Those costs 
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include: labor, any inventory needed for production, raw materials, transportation and 

storage costs, production costs and overhead, sales and marketing costs, and 

depreciation. Accounting Profits provide an intermediate view of the viability of an 

enterprise which is also called gross margin analysis. To calculate the accounting 

profit, the total revenue as well as the explicit costs should be known, and it is 

calculated using Equation 2.8 (Berhanu, 2019): 

 

𝐺𝑀 = 𝑇𝑅𝑖𝑗 − 𝑇𝑉𝐶𝑗                                                          (2.8)  

Where: 

 𝐺𝑀 = gross margin ($/ha) 

 𝑇𝑅𝑖𝑗 = total (gross) revenue ($/ha)  

𝑇𝑉𝐶𝑗 = total variable Costs ($/ha) 

 

The total revenue of the outputs (potato tubers) was calculated by applying Equation 

2.9: 

𝑇𝑅𝑖𝑗 = 𝑌𝑖𝑗 ∗ 𝑃𝑌𝑖𝑗                                               (2.9) 

 

Where: 

𝑇𝑅𝑖𝑗 = total (gross) revenue ($/ha) 

𝑌𝑖𝑗 = yield or physical production (Kg/ha) 

 𝑃𝑌𝑖𝑗= price of outputs ($/Kg)  

 i= Crop 

 j = Scheme management 

y = Year or season 

Gross margin serves as the unit for evaluating the financial performance of an 

enterprise and gives an indicator of the feasibility of an enterprise and its potential to 

contribute to overall income (Mansuri et al., 2018). 

Profitability can help the farmer to reduce costs, increase turnover, increase productivity, and 

increase efficiency (Kucserka et al., 2018).  It can also help the farmer to plan for change and 

growth (Berhanu, 2019; Yoon and Choi, 2020; Liu et al., 2021). According to literature, SI 

systems have high value of productivity compared to localized and sprinkler irrigation systems 

which have problems of high salinity levels in the soil (Tayel et al., 2019; Nikolaou et al., 
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2020; Liu et al., 2021). However, SI systems are not profitable because of high water losses 

which makes sprinkler and localized systems better hence the need for their use. But, the 

profitability of converting from surface irrigation system to more efficient irrigation systems 

depend upon a number of engineering, agronomic, and economic factors (Mwamakamba et 

al., 2017). 

Margin or profitability ratios, break-even analyses, and return on asset assessments are three 

primary ways to determine whether the enterprise is profitable as according to Equation 2.10 

(Kassaye et al., 2020), Equation 2.11 and Equation 2.10 (Waqas et al., 2021): 

 

𝑃𝑀𝑅 =
[𝐺, 𝑂, 𝑜𝑟 𝑁]𝑃

𝑠
∗ 100                                                               (2. 6) 

 

Where: 

PMR = profit margin ratio 

[G, O, or N]P = gross, operating, or net profit 

S = sales 

 

𝐵𝑃𝑈𝑆 =
𝐹𝐸

(𝑈𝑆𝑃 − 𝑈𝑉𝐸)
                                                                                  (2. 7)   

 

Where: 

BPUS = break-even point for unit sold 

USP = unit sales price 

UVE = unit variable expenses 

 

𝑅𝑂𝐴 =
𝑁𝐼𝑇

𝑇𝐴
  ∗ 100                                                                                          (2. 8) 

 

Where: 

𝑅𝑂𝐴 = return on assets 

𝑁𝐼𝑇 = net income taxes 

𝑇𝐴 = total assets. 

A variety of profitability ratios can be used to assess the financial health of an enterprise 

(Pandey et al., 2021). The profitability ratios include: 
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 Net farm income from operations, 

 Rate of return on farm assets, 

 Rate of return on farm equity, 

 Operating profit margin ratio, and 

 Earnings before interest, taxes, depreciation, and amortization. 

 

2.7 SUMMARY 

Irrigation as the process by which water is artificially applied to crops to meet their 

requirements can be achieved using different systems and method. Based on the 

methods of water application to the land, there are four broad classes of irrigation 

systems namely: (1) surface irrigation systems, (2) sprinkler irrigation systems, (3) 

localized irrigation systems, and (4) sub-surface irrigation systems. These systems 

have different irrigation efficiencies and even the methods of water application with a 

give system have different efficiencies. Broadly, localized and surface irrigation 

systems have the highest and lowest irrigation efficiencies respectively. Thus, from 

the irrigation efficiency and water saving points of view, localized irrigation systems 

are the based. However, the actual selection of irrigation systems and methods is based 

on the consideration of several factors which include; political and economic factors, 

topography and soil properties, crop characteristics, and social constraints. 

The effectiveness of irrigation systems and methods is generally affected by the several 

factors which include, climatic (temperature and wind), soil (texture), and crop 

(evapotranspiration) factors. These factors are critical to the irrigation scheduling 

activities and for any efficient irrigation project there have to be a way in which they 

are considered. 

Irrigation scheduling the backbone of an efficient irrigation project because it provides 

answers to the questions of when to irrigate, how to irrigate, and how much to irrigate. 

Irrigation scheduling links crop water demand which is influenced by the stage of crop 

growth and climatic conditions, soil moisture content which is broadly influenced by 

soil texture, and water supply which considers the availability of water, irrigation 

methods and soil type. There are several scheduling methods, but all of them consist 

of an irrigation criterion that triggers irrigation and an irrigation strategy that 

determines how much water to apply. Irrigation criteria are indicators used to 
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determine the need for irrigation and they include soil indicators, climatological, plant 

indices, and water balance method. Each of these indicators have merits and demerits 

and the choice is one that is suitable is dependent on the prevailing circumstances.  

Irrigation scheduling based on any of these indicators is applicable to both full and DI. 

DI strategies are used to save irrigation water by improving crop water use efficiency. 

Adoption of these strategies require changes at the technical, socio-economic, and 

institutional levels. DI strategies can be practiced with all irrigation systems (surface, 

sprinkler, localized, and subsurface irrigation systems). There are many DI strategies 

which include sustained deficit irrigation (SDI), regulated deficit irrigation (RDI), and 

partial root zone drying (PRD).  With respect to furrow irrigation systems, PRD has 

two variants which are the alternate furrow irrigation (AFI) and the fixed furrow 

irrigation (FFI) strategy. 

Several studies have investigated the effects of DI strategies on water use efficiency, 

crop productivity and profitability of potato production. The experimental approaches 

and environments differed from study to study but certain findings were consistent in 

most of them. Among these findings were that the success of DI strategies depends on 

potato variety, soil type, climate and soil water balance. These findings imply that for 

each region and country there is a knowledge gap that needs to be bridged before the 

application of DI strategies. And the gap exists in Malawi since no study on DI has 

been found in the literature so far. Moreover, in terms of irrigation scheduling, most 

of the previous studies applied fixed irrigation intervals. These did not consider the 

fact that crop water use varies with the grow stage. Therefore, there is still a need to 

investigate DI strategies where irrigation scheduling takes into account changes in crop 

evapotranspiration. 

Implementation of DI strategies have different levels of economic benefits. While in 

some cases, these benefits accrue to individuals, in other cases where individuals may 

have fixed land sizes, the benefits of saving water may be complex as individuals may 

not see the need to save water. Earlier studies did not highlight complexities of land 

ownership as they affect benefits from water savings from DI strategies and their 

ultimate economic benefits. This knowledge gap should be highlighted in studies that 

discuss the benefits of DI strategies. 
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CHAPTER THREE 

3 METHODOLOGY 

3.1 INTRODUCTION 

This chapter highlights the methodology for collecting field data aimed at establishing 

the strengths and weaknesses of the deficit furrow irrigation strategies. The chapter 

also highlights steps followed to evaluate the influence of different deficit furrow 

irrigation strategies on potato production. The data collection involved both qualitative 

and quantitative methods. The chapter is arranged into 6 sections. Following this 

introduction is section 3.2 which describes the site where field trials of the irrigation 

strategies were done. This is followed by section 3.3 which explains the data collection 

activities aimed at establishing the strengths and weaknesses of the current irrigation 

practices in Dedza. Section 3.4 presents the activities undertaken to evaluate the effects 

of deficit irrigation on potato production. Among the aspects considered are the effects 

of deficit irrigation strategies on growth, yield components and water use efficiency. 

Establishment of the profitability of potato production under alternating and fixed 

deficit furrow irrigation in Dedza District is presented in section 3.5. The summary of 

the chapter is given at the end of section 3.6. 

 

3.2 STUDY SITE CHARACTERIZATION 

The study was conducted in Dedza district located in the central region of Malawi 

(Figure 3.1). The district covers a geographical area of about 362,400 ha (Government 

of Malawi, 2018). 
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Figure 3.1: The location of Dedza district in Malawi 

The physiography of the district is characterized by upland and lowlands with uneven 

terrain. The district is divided into three topographic zones, namely: The Lilongwe 

plain with an altitude of 1100 – 1300 m, the Dedza highlands (1200 – 2200 m), and 

(1000-1500m) for Dedza escarpment (Munthali et al., 2019). 

According to Munthali et al. (2019), the district has a subtropical highland climate. 

The mean annual temperatures are relatively low and fluctuate between 14 and 21 oC, 

with an average temperature of 15.5 oC. The coldest months are June and July, and 

November is the hottest month. Rainfall occurs between November and March, with a 

mean annual rainfall ranging from 800 mm to 1200 mm. According to the Government 

of Malawi (2018), the district is characterized by generally ferruginous soils that are 

deep and brown to reddish. 

 

N 

Kamgulitse irrigation scheme 

KEY 
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3.2.1 Field trial site 

The field trials were set in the smallholder irrigation scheme called Kamgulitse 

irrigation scheme. The scheme is located in the extension planning area (EPA) of 

Bembeke (Figure 3.1) which is under traditional authority (TA) Kamenyagwaza. The 

scheme is located in Kamgulitse and Msesa villages of TA Kamenyagwaza. The site 

is located at -14.33975 latitudes, 34.41729 longitudes, and 1495.94m altitudes. 

 

3.2.2 Irrigation scheme profile and water source  

Kamgulitse irrigation scheme was designed by irrigation officers under Dedza district 

irrigation advisory services unit. It was amongst the gravity-fed irrigation schemes 

constructed in 2010 with USAID funding to the Malawi government. The scheme was 

anticipated to improve its member’s food security and incomes. The scheme had the 

potential to irrigate more than 15 ha, however only 6 ha, were developed during the 

construction phase due to a lack of funds and the technical design aspects of the 

scheme. 

The scheme was designed to allow farmers to achieve three growing seasons. Two 

seasons with 100% irrigation and one with supplementary irrigation. Kamgulitse 

irrigation scheme is among the places where agriculture production is done using the 

perennial river called Chiweta (Figure 3.2). 

3.2.3 Soil characteristics 

The relative percentage of sand, silt, and clay in the soil of  the experimental site 

spread out from 56 to 80, 18 to 36, and 1 to 8 respectively (Table 3.1). According to 

the textural triangle (Figure 2.11), the experimental site has sandy loam soil. The soil 

BD ranges from 1.25g/cm3 to 1.66g/cm3 with a mean value of 1.40g/cm3.  This BD is 

within the range for soils that are good for growing crops according to Patle et al. 

(2019) and Abdelbaki (2016) who reported that the bulk density from 0.8 to 1.43g/cm3 

satisfied the conditions for holding an adequate amount of water and is beneficial for 

plant root growth.  

The soil MC at FC varies from 15.6% to 20.7% on mass basis with a mean value of 

19.3%. On the other hand, the MC at WP ranges from 4.4% to 7.9% with a mean WP 

of 6.4%.The detailed procedures for collecting soil samples and their analyses are 

presented in Appendix A1, A2 and A3.  
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Figure 3.2: The weir on the Chiweta River for Kamgulitse irrigation scheme 

 

Table 3.1: Descriptive statistics of measured soil properties 

Soil 

properties 

Max Min Mean SD CV 

Sand (%) 80 56 71.8 1.3 0.02 

Silt (%) 36 18 23.7 2.9 0.12 

Clay (%) 8 1 4.5 0.6 0.13 

BD (g/cm3) 1.66 1.25 1.40 0.1 0.07 

PD (g/cm3) 2.77 2.48 2.67 0.1 0.04 

FC (%) 20.7 15.6 19.3 1.4 0.07 

WP (%) 7.9 4.4 6.4 1.0 0.16 
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3.3 DATA COLLECTION FOR ESTABLISHING STRENGTHS AND 

WEAKNESSES OF THE CURRENT IRRIGATION PRACTICES IN 

DEDZA 

To collect representative data from the communities whose membership is under 

irrigation schemes, the stratified random sampling approach was used for sampling. 

This is because this approach enables the capturing of the key attributes of the 

population (Singh, 2019). It assures the representation of all groups in the population. 

The data collection process involves two steps, namely: (i) quantitative household 

survey and (ii) qualitative approach involving focus group discussions. 

 

3.3.1 Household Quantitative survey 

This involved the acquisition of an up-to-date register of the farming households in 

Dedza district from the Ministry of Agriculture and Food Security. From the register, 

the total number of farming households were by using Slovin’s formula in equation 

3.1 and the sample size was determined using Equation 3.1. 

 

𝑛 =
𝑁

1 + 𝑁𝑒2
                                                                 (3.1) 

 

Where: 

 𝑛 = Samples size 

𝑁 = Total population 

ⅇ = Margin of error. 

a It is recommended that researchers come up with their margin of error by 

subtracting the set confidence level from 1 (Gusen et al., 2017; Asriani, 2018; 

Masta and Riyanto, 2020). 

The sample size (n) was selected using a four-stratum process (Table 3.2). The first 

stratum consisted of 8 out of the 10 EPAs in Dedza district. The 8 EPAs were chosen 

because they are potato growers. The second stratum comprised 40 villages that were 

randomly sampled from the first stratum proportionate to the EPA population. From 

each of the sampled villages, at least 10 households (third stratum) were randomly 

selected, and the fourth stratum comprised a member of the household who was 

involved in irrigation farming. In cases where the whole household was involved, the 

family selected one representative. The stratified samples are presented in Table 3.2. 
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Table 3.2: Dedza district stratified sample 

Name of EPA EPA Farmer 

population 

Number of 

sampled 

Villages 

Number of 

sampled 

households 

Bembeke 20,457 4 38 

Chafumbwa 20,418 4 38 

Kabwazi 19,632 4 36 

Kanyama 28,764 5 53 

Kaphuka 28,964 5 54 

Linthipe 50,419 9 93 

Lobi 25,730 5 48 

Mayani 21,390 4 39 

TOTAL N=215,777 40 N  399 

 

A household questionnaire survey involving 399 household representatives was 

conducted from July to September 2022. The aspects covered in the structured survey 

included: current irrigation strategies, individual farmers’ preferred irrigation 

strategies, strengths, and weaknesses of the current irrigation strategy, and land 

ownership. Sections of the questionnaire that are important to this dissertation are 

placed in Appendix C1 and C2. 

 

3.3.2 Focus group discussions 

Focus groups are especially useful as a complement to the other methods of data 

collection for providing in-depth information in a relatively short period (Nazari et al. 

2018; Ruth et al., 2019; Gundumogula, 2020). 

In this case, focus group discussions followed the questionnaire survey and the 

findings from their analysis. Focus group discussions were conducted within the small-

scale irrigation schemes to gain additional insights into the strengths and weaknesses 

of the current irrigation strategies. The discussion focused on the common irrigation 

strategies of the gravity-fed canal, bucket, treadle pump, motorized pump, and solar 

pumps. Due to similarities between the schemes in the area and the crop in question, 

only those irrigation schemes that solely produce potatoes during winter were selected. 
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One irrigation scheme per EPA was identified. This resulted in a total of 10 schemes. 

One focus group discussion was conducted within each scheme between July and 

September 2022. The guiding questions in Appendix D were used. 

 

3.4 PROCEDURE FOR DETERMINING DEFICIT IRRIGATION EFFECTS 

ON POTATO PRODUCTION  

The section has many steps which include the determination of the soil moisture 

depletion for the field trials, plot sizes, Data collection for soil characterization, 

weather data collection, crop establishment and management, Irrigation water supply 

and requirement, determination of the daily soil water storage, potato crop data and 

the analysis of the potato yield and yield-related traits data. 

 

3.4.1 Soil moisture depletion for the trials 

The field trials used three maximum allowable depletion (MAD) levels, according to 

Gultekin and Ertek, (2012); Hilemicael and Tibebe, (2018), were 20%, 40%, and 60% 

depletion of the total plant available soil moisture content. The irrigation schedule was 

installed by replenishing water when the soil moisture content is 80, 60, and 40% of 

the plant’s available soil moisture content. The three MAD levels resulted in three 

fields (MAD) blocks. Three furrow irrigation strategies were applied for each MAD 

level. The three furrow irrigation strategies were the conventional furrow irrigation 

(CFI), alternate furrow irrigation (AFI) and the fixed furrow irrigation (FFI).  

 i) Conventional furrow irrigation  

In this strategy, involved water application to every furrow during each irrigation 

event. 

ii) Alternate furrow irrigation 

In this strategy, one of the two neighbouring furrows was alternately irrigated 

during a consecutive irrigation event.  

iii) Fixed furrow irrigation 

In this strategy, irrigation was fixed to one of the two neighbouring furrows throughout 

the season. 

Each MAD block had three treatment plots for each irrigation strategy (CFI, AFI, and 

FFI) assigned at random within blocks. The objective of using these blocks is to reduce 
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the variability of the error term. Each block had nine plots and for the three MAD 

blocks, there were a total of 27 plots (Table 3.3). Note that the complete randomized 

block design has no restriction on the number of treatments or replicates (Verdooren, 

2020). One advantage of a randomized complete block design is its ability to remove 

one source of variation from the experimental error and thus increase precision 

(Petersen, 2017). 

Table 3.3: Treatment used for the experiment 

NB: T00 is the plot with CFI, T01 is the plot with AFI, and T02 is the plot with FFI 

strategies. 

 

3.4.2 Plot size 

Each plot had 10 ridges and resulted in the gross area of each plot of 23.63 m2 (3.5 m 

by 6.75 m). The distance between plots and between replications were 1m and 0.5m 

respectively. The first and last rows from each side of the plot were regarded as guard 

rows resulting in a net plot of 2.5m by 5.75m (8 ridges). 

 

3.4.3 Weather data collection 

Weather parameters of maximum temperature, minimum temperature, wind speed, 

sunshine hours, relative humidity, precipitation, and evapotranspiration were recorded 

daily from the local weather station (Figure 3.3). The weather data was particularly 

valuable in detecting the amount of rainfall and soil moisture to decide when to 

irrigate. 

 

REP 

MAD1 

REP 

MAD2 

REP 

MAD3 

T1 T2 T3 T1 T2 T3 T1 T2 T3 

I T00 T01 T02 I T01 T02 T00 I T02 T00 T01 

II T01 T02 T00 II T02 T00 T01 II T00 T01 T02 

III T02 T00 T01 III T00 T01 T02 III T01 T02 T00 
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Figure 3.3: Dedza District local weather station 

 

3.4.3.1 Weather condition 

During the field experiments implementation period, the precipitation water was not 

adequate. There were only three rainfall events (Figure 3.4).  The reference 

evapotranspiration (ET0) value of the site ranged between 0.1 mm/day in June (on the 

4th and 26th day from planting) to 3.6 mm/day in August (on the 78th and 104th day 

from planting). The average ET0 between the 26th day (when the application of 

strategies started) to the 113th day from planting was 1.9 mm/day (Table 3.4). The 

increasing trend in ET0 towards senescence was mainly caused by an increase in air 

temperature during the study period. The crop water use in all three irrigation regimes 

increased as the crop advanced during the growing period (Figure 4.3). 

 

 

Figure 3.4: Precipitation against reference evapotranspiration 
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Table 3.4: Monthly average climatic data of the experimental area during the 

cropping season 

DFP Month Tmin
o c Tmax

oc RH% Pe mm ETo 

mm/day 

ETc 

mm/day 

1-26 May 11.3 22.8 79 13.4 1.4 0.7 

27-54 Jun 9.5 21.9 75 0.6 1.6 0.7 

55-85 July 9.9 21.6 72 1.0 2.5 2.0 

86-113 Aug 10.7 23.8 70 0.0 2.7 3.3 

 Mean 10.3 22.6 74  2.3 2 

 SD 0.81 1.0 3.9  1.23 1.5 

 CV% 0.08 0.04 0.05  0.53 0.8 

 

3.4.4 Crop establishment and management 

This involved four sub activities which include land preparation, potato planting, 

fertilizer application, pest, and weed management. 

 

(i) Land preparation and planting 

Land preparation typically involves ploughing, harrowing, and levelling the field to 

make it suitable for crop establishment.  

After collecting soil samples, the whole experimental area was ploughed on the 27th of 

April to a depth of 25 cm. This activity was done to help to loosen the soil and make 

it suitable for potato crop development. Figure 3.5 shows how ploughing was done at 

the irrigation scheme. 

 

Figure 3.5: Ploughing of the selected experimental site using hand hoes 
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Land levelling was followed by harrowing on 2nd May 2022. Levelling was also done 

manually. The field where experimental plots were levelled to remove possible water 

ponding spots that would disturb the uniform distribution of irrigation water on the 

field. On the other hand, it also ensures the optimal slope for water movement across 

the plots during irrigation. Similarly, harrowing was done manually by breaking the 

clods into finer soil structure suitable for planting. All the land preparation activities 

were done using hand hoes which is the common practice in the area. Figure 3.6 shows 

how the field looked after levelling and harrowing were done. 

 

 

Figure 3.6: The appearance of the field after levelling and harrowing 

The plot layout and ridge making were concurrently done on 3rd May 2022. Ridging 

is one of the most common land preparation practices in Malawi. The technique results 

in irrigation and nutrient management, water saving, better crop stand, and a reduction 

in lodging (Ali et al., 2018). Figure 3.7 shows part of the field after ridging. The ridges 

were running across the field slope. This was done because performing tillage along 

the contour of the land can be an effective conservation measure (Ricci et al., 2020).  
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Figure 3.7: The field ridged across the slope 

 

(i) Potato planting 

The potato variety used was Violet. This variety was used because it was found to be 

the most popular among potato-growing farmers in the study area and it is resistant to 

most notable potato diseases such as late blight. The potato was planted on 7th May 

2022. Tubers were planted 30 cm apart on ridges spaced 75 cm. After planting, tubers 

were covered with soil. To create a more favourable environment for plant growth, the 

potatoes were planted after the first irrigation. 

 

(iii) Fertilizer application 

Sulphate Ammonium basal dressing fertilizer was applied at the rate of 100 kg ha-1. 

This rate of basal dressing fertilizer application is recommended in the area. The 

fertilizer was applied in the grooves made on top of the ridges. Four weeks after the 

emergency, the potato was top dressed with 150 kg ha-1 of Calcium Ammonium Nitrate 

(CAN) fertilizer along the plant rows on the ridge.  
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(iv) Pest and weed management 

Physical removal of weeds was only done occasionally after field scouting. Between 

the first week and the fourth week after planting, the field was weeded using a Hoe. 

Aphids were controlled by spraying with 34 grams of Dimethoate 20 WP in 14 litres 

of water in a knapsack sprayer. In total 6 spraying events were done and a total of 204 

grams of Dimethoate 20 WP was used throughout the growing period. At some point, 

early blight was controlled by applying Dithane M45 at the rate of 20 grams per 10 

litres of water. During the study, 60 grams of Dithane M45 was used for the 3 spraying 

events. 

 

3.4.5 Irrigation water supply and Requirement 

(i) Irrigation water supply 

Water for irrigation was abstracted from the river (Figure 3.8) via the canal. From the 

canal (Figure 3.8A), a 63 mm diameter siphon (Figure 3.8B) was used to divert water 

by gravity to the experimental area (Figure 3.9). The siphon was calibrated at every 

irrigation event to calculate the flow rate (Q) in litres per second. The siphon 

calibration was done using the following approach: 

 A 10 litres container and a stopwatch were used. 

 The siphon was positioned to get water from the canal through a water 

distribution box near the experimental plots. 

 An empty container was placed at the siphon outlet. 

 As soon as the water started dropping into the container, a stopwatch was 

switched on. 

 When the container was full, the stopwatch was switched off and the time taken 

was recorded. 

 Steps 3, 4, and 5 were repeated three times to minimize errors by having an 

average figure. 

 The ratio of the cumulative volume and time recorded were calculated in litres 

per second. 

 The calculated figure was recorded as the flow rate for that particular irrigation 

event. 
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According to FAO (2015), the total time (𝑇  in seconds) to irrigate the plots was 

recorded to estimate the volume of water (𝑉) that entered the field during an irrigation 

event as: 

 

𝑉 = 𝑄 𝑥 𝑇                                                            (3.2)  

 

Where: 

𝑉 = volume of water coming into the field through the siphon in litres 

𝑄 = calibrated flow rate of water passing through the siphon during irrigation 

𝑇 = total time taken to finish irrigation in seconds 

 

 

Figure 3.8: Water conveyance system within the irrigation scheme 
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Figure 3.9: water delivery into the furrows 

 

(ii) Determination of the daily soil water storage 

A soil water balance sheet procedure was used to determine the soil moisture content 

daily during the growth of potatoes and scheduling of irrigation events. The major 

processes affecting the water balance of a crop root zone were irrigation, rainfall, 

evapotranspiration, runoff, deep percolation, subsurface flow, capillary rise, and 

change in soil water storage (Figure 3.10). For design and management purposes, the 

field water balance was summarised mathematically as: 

 

𝐶𝑆𝑊𝑆 = 𝑃𝑆𝑊𝑆 + 𝑃𝑒 + 𝐼𝑅𝑛 + 𝐺𝑊 − 𝑅𝑜 − 𝐷𝑝 − 𝐸𝑇𝑐                          (3.3)  

 

Where: 

𝐶𝑆𝑊𝑆 = current soil water storage in millimetres (mm) 

𝑃𝑆𝑊𝑆 = previous soil water storage in mm 

𝑃𝑒 = effective precipitation in mm 

𝐼𝑅𝑛 = net irrigation in mm of water per meter soil 
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𝐺𝑊 = groundwater contribution to water use during the period 

𝑅𝑜 = surface runoff that leaves the area during the period 

𝐷𝑝 = deep percolation 

𝐸𝑇𝑐 = crop water use in mm 

The 𝐼𝑅𝑛 was determined based on the available water storage capacity (field capacity 

moisture content) of the soils in the experimental field.  Irrigation scheduling was done 

using the guide to the available water storage capacity for various soils (Figure 3.10). 

 

 
Figure 3.10: USDA diagram of the soil water balance of a crop root zone 

After knowing the available water storage capacity of the soil for the experimental 

area, irrigation days were scheduled based on the set different blocks of MAD (20, 40, 

and 60%) using Equation 2.4. 

 

(iii) Actual crop water use  

Crop water use (𝐸𝑇𝑐), or crop water requirement, is the total amount of water needed 

for evapotranspiration from planting to harvest. Crop evapotranspiration or crop water 

use was determined daily by multiplying the reference evapotranspiration (ET0) by the 

crop coefficient (Equation 3.4) (Torres et al., 2021): 
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𝐸𝑇𝑐 = 𝐸𝑇0 ∗ 𝐾𝑐                                                           (3.4)  

 

Where: 

 ETc= actual crop water use in mm 

 ET0= reference evapotranspiration in mm 

 Kc= crop coefficient based on crop development stage 

The ET0  used in Equation 3.5 was determined based on class A pan (Figure 3.11) 

evaporation and its coefficient. The Pan evaporation method is widely used in some 

parts of Southern Africa including Malawi (km). This is mainly because the method 

has proved to be both very practical as well as simple, which appeals to many farmers 

and practitioners. 

 

 

Figure 3.11: Meteorological local weather station in Dedza-Malawi having Class A 

Pan 

The measured evaporation from a pan (𝐸P ) is related to the ET0 through an empirically 

derived pan coefficient (KP) as given in the following equation from FAO (2015): 

 

𝐸𝑇0 = 𝐾𝑃 + 𝐸𝑃                                                       (3.5)  

Where: 
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ET0 = Reference evaporation in mm 

𝐸P  = Class A pan evaporation in mm 

KP = Class A pan coefficient which is (0.7 for dry months (April – 

November)) according to Sentelhas and Folegatti (2003). 

The 𝐾𝑝  fixed value was found to be a practical and simple option to convert 

evaporation class A pan (ECA) data into ET0. 

 

(iv) Irrigation scheduling 

First, the  ETc  was calculated using the daily measured 𝐸P . The  ETc  depleted the 

available soil water storage and the next irrigation event followed when the allowable 

soil moisture depletion reached the threshold according to the crop. The depletion was 

determined in terms of the 𝐶𝑆𝑊𝑆  and 𝑃𝑆𝑊𝑆  with the relationships as shown in 

Equations 3.4 and 3.5. 

The net irrigation (IRn) included the two initial irrigation events before the deficit 

irrigation strategy began. The 𝐸𝑝 daily data were collected at eight o’clock in the 

morning. It was assumed that the effects of GW, Ro and Dp were negligible. Based on 

these assumptions, the soil water balance sheet, exemplified in Table 3.5, was 

developed. The table shows the major parameters (in Equation 3.4) used to determine 

the daily 𝐶𝑆𝑊𝑆. 

Table 3.5: Example of soil water balance sheet for deficit irrigation strategy 

scheduling (Purdue, 2002) 
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Plants are theoretically able to obtain water from the soil whenever the water content 

exceeds the PWP. However, as the soil water content becomes low, plants need more 

suction force to extract the water from the soil. Below a critical moisture content which 

is determined by the MAD, plants get stressed because of the difficulty of getting 

moisture from the soil. Soil water content between the critical soil moisture content 

and soil moisture content at FC is the RAW which was computed in Equation 2.2 To 

calculate the quantity of water that has been lost, the crop water use was subtracted 

from the actual amount of water applied during irrigation and precipitation for the crop 

development period. 

 

3.4.6 Potato crop data 

(i) Plant growth data  

The occurrence of the growth stage was recorded when 50% of the plants reached the 

specific growth stage: sprouting, leaf development, formation of lateral shoots, stem 

elongation, tuber formation, inflorescence and flower development, tuber 

development, and senescence. During the life cycle of the crop, six plants per treatment 

were observed for the following: the day of sprouting, the number and length of stems, 

the duration of the tuber bulking stage, and the number of tubers per plant. The number 

of stems was recorded for ten randomly selected and tagged plants from the net plot at 

the 50% flowering stage of the plants. The height of the main plant stem was measured 

from the ground surface to the tip of the apex at physiological maturity. 

 

(ii) Yield and yield-related traits  

On the 122nd day (harvesting day), the potential yield was determined with the fresh 

weight of the tubers from 10 plants per treatment. Tubers per plant were counted from 

ten randomly selected and pre-tagged plants per net plot area at the physiological 

maturity of the crop. The weight of tubers per plant, marketable yield, and tuber yield 

of each plot were weighed in kilograms. Observations were made on disease and insect 

infestations. 

 

3.4.7 Analysis of yield and yield traits data 

The measured yield was converted to yield per hectare in kg/ha using the plot areas. 
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(i) Statistical data analysis 

Using the SPSS, SAS JMP Version 14, and excel, the results were subjected to analysis 

of variance (ANOVA). The least significant difference (LSD) test was used to 

distinguish significance differences among the measured parameters between the 

means of treatment at a 5 percent probability. 

 

(ii) Yield and water use efficiency 

The yield and water use efficiency were selected as dependent variables over irrigation 

water and labour. Crop water use efficiency (CWUE) was calculated as below: 

 

𝐶𝑊𝑈𝐸 =
𝑌

𝐸𝑇 
                                                     (3.6)  

 

Where: 

𝐶𝑊𝑈𝐸 = crop water use efficiency 

𝑌 = yield of tubers in Kilograms per unit squire meter (kg ha-1) 

𝐸𝑇 = volume of water used for potato-growing in cubic meters per hectare   

                (m3 ha-1) 

 

3.5 POTATO PRODUCTION PROFITABILITY UNDER ALTERNATING 

AND FIXED DEFICIT FURROW IRRIGATION IN DEDZA DISTRICT 

3.5.1 Gross margin analysis 

A gross margin analysis was used as a proxy for treatment-level profitability.  In this 

study, gross margin served as the unit for evaluating the financial performance of an 

enterprise and gives an indicator of the feasibility of an enterprise and its potential to 

contribute to overall income. Gross margins were calculated per unit area and a 

financial difference between the returns received from assumed sales of potatoes and 

the variable costs associated with production was calculated using Equation 3.7. 

 

𝐺𝑀 = 𝑇𝑅𝑖𝑗 − 𝑇𝑉𝐶𝑗                                                         (3.7) 

 

Where: 

𝐺𝑀 = gross margin ($/ha) 
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 𝑇𝑅ij = total (gross) revenue ($/ha)  

𝑇𝑉𝐶j = total variable Costs ($/ha) 

 

The total revenue of the outputs (potato tubers) was calculated by applying Equation 

3.8: 

 

𝑇𝑅𝑖𝑗 = 𝑌𝑖𝑗 ∗ 𝑃𝑌𝑖𝑗                                                            (3.8)  

 

Where: 

𝑇𝑅 = total (gross) revenue ($/ha) 

𝑌 = yield or physical production (Kg/ha) 

𝑃 = price of outputs ($/Kg)  

i = Crop 

j = Scheme management 

 

The price of potatoes was assumed from the circular obtained from the Ministry of 

Agriculture, Irrigation, and Water Development (MoAIWD) farm gate price circulars 

(Government of Malawi, 2022), which are released just before the onset of an 

agricultural season. The minimum farm gate prices are determined through a 

consultative process involving key stakeholders in the agriculture sector. Every year, 

the MoAIWD undertakes a cost-of-production survey in all districts across the country. 

This survey involves collecting data on production costs from sampled smallholder 

farmers on selected crop enterprises. The data is then used to compute break-even 

prices. A markup profit usually set between 10 and 30% on the break-even price is 

considered to arrive at the minimum farm gate price. 

 

3.5.2 Economic water productivity 

The economic water productivity index ($/m3) was calculated as the overall present 

value of potato divided by the volume of water (m3) consumed by the plant (Moseki 

et al., 2019). Farm gate prices circulated by the Malawi government were used. It is 

used to measure the return to irrigation water as a scarce or limited resource within the 

irrigation scheme. 
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3.6 SUMMARY 

In this chapter, the methodology for collecting data in line with the study objectives 

was outlined. The outline included experimental site characterization, the design 

procedure for the experimental plots, soil and weather data collection, crop 

establishment and management, crop data collection process, and data analysis 

procedures. The data collected using outlined procedures were analyzed and the results 

were presented in chapter four to answer the research questions set at the beginning of 

the study. 

The study was conducted in 8 EPAs of Dedza district. The field trials were set in the 

smallholder irrigation scheme called Kamgulitse irrigation scheme which is in 

Bembeke EPA. Household quantitative survey and focus group discussions were used 

to establish strengths and weaknesses of the current irrigation practices in the district. 

To determine deficit irrigation effects on potato production, a number of steps were 

followed. The field trials used three MAD levels of 20%, 40%, and 60%. Each plot 

had a gross area of 23.63 m2. 

Because of the importance of soil characterization, soil samples were collected from 

the experimental site before land preparation for determining the bulk density, soil 

texture, soil moisture content at field capacity, and soil moisture content at wilting 

point.  As an indicator of soil compaction and soil health, soil bulk density was 

determined using core method.  Disturbed soil samples were collected for MC 

determination at FC and PWP which was significant in water utilization within the 

irrigation scheme. Soil texture was determined using Bouyoucos or the hydrometer 

method. By knowing the texture of the soil, the water application rate, and frequency 

were easily determined. 

Weather parameters of maximum temperature, minimum temperature, wind speed, 

sunshine hours, relative humidity, and precipitation were recorded daily from the local 

weather station in detecting the amount of soil moisture. 

All the land preparation activities on the selected site were done using hand hoes which 

is the common practice in the area. Violet variety was used because it was found to be 
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the most popular among potato-growing farmers in the study area and it is resistant to 

most notable potato diseases such as late blight. Recommended fertilizers (Ammonium 

Sulphate and Urea) for the areas were applied. Pest and weed management were done 

using recommended cultural practices of the area. 

Water for irrigation was abstracted from the river using gravity via the canal. A soil 

water balance sheet procedure was used to determine the soil moisture content daily 

during the growth of potatoes and scheduling of irrigation events. The ETc was 

determined based on class A pan evaporation because of its simplicity among farmers 

as well as practitioners. 

Data on Potato growth and yield were captured for analysis to determine the potato 

yield, water use efficiency and potato production profitability under alternating and 

fixed deficit furrow irrigation in Dedza District. 
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CHAPTER FOUR 

4 RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

This chapter focusses on the discussion of results in line with the research questions. 

It also highlights the descriptive statistics of the established strengths and weaknesses 

of current irrigation methods in the study area, soil characterization, weather 

conditions, and irrigation water supply to the potato crop. The chapter is arranged into 

6 major sections. Following this introduction is section 4.2 which discusses the 

strengths and weaknesses of current irrigation methods in the study area. This is 

followed by section 4.3 which explains the environmental factors affecting irrigation 

in general. The next section is 4.4 which evaluates the influence of deficit irrigation as 

compared to the conventional furrow irrigation methods. Section 4.5 explains the 

profitability of potato production under deficit irrigation. The summary of the chapter 

is given at the end of this chapter as section 4.6. 

 

4.2 STRENGTHS AND WEAKNESSES OF THE CURRENT IRRIGATION 

PRACTICES IN DEDZA DISTRICT 

4.2.1 Characteristics of respondents 

The irrigation practices were considered in terms of land ownership, water 

lifting/delivery methods and irrigation methods. Based on the information from the 

focus group discussions, the participants could be regarded as typical of the rural 

population of Dedza district comprising smallholder farmers. The age range of the 

smallholder farmers was 39 to 49 years of which 59% were females and 41% were 

males (Figure 4.1). Almost all the farmers had an average piece of farmland of about 

0.22 hectares on which they grew irrigated potatoes. The land was owned through 

inheritance (11.3%), renting (52.4%) or both (36.3%). In Dedza, kinship is matrilineal, 

as such, land is inherited through the women (Fischer et al., 2021). 
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Figure 4.1: Gender of participants 

The study also established that farmers in Dedza used furrow irrigation method, basin 

irrigation method or water cans/buckets to irrigate their potato crop. The methods used 

for water lifting and delivering it to the irrigated fields included river diversion into 

gravity-fed canals from which through use of watering cans/buckets, treadle pumps, 

motorized pumps, or solar pumps (Figure 4.2), delivered water to the fields. Figure 4.2 

shows that the majority of the respondents (80.5%) used gravity-fed canals to irrigate 

their potato crop. Similar results were also found by other studies which were done in 

Malawi (Getts, 2018; Frake, 2019; Frake et al., 2020). According to the data analyses 

results, most farmers using gravity-fed canals irrigated their fields at least three times 

a week using furrow irrigation. 

The least number of respondents (2%) indicated that they either use motorized or solar 

pumps.  The adoption rates of these improved irrigation technologies are critically low 

among the smallholder farmers in the study area.  

 

59%
41%

Females

Males
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Figure 4.2: The current irrigation water lifting and delivery methods in Dedza 

district 

The current irrigation water delivery methods in the study area have their strengths 

and weaknesses and these were established and highlighted in the study. 

 

4.2.2 Strengths and weaknesses of gravity-fed canal irrigation water delivery  

Gravity-fed canal irrigation water delivery method involves water flowing by gravity 

from the source to the field. Results from the survey show that irrigation schemes that 

use gravity have lower operating costs for the conveyance system and they are ease to 

manage. Similar observations were indicated by Fandika et al., (2020). The canals in 

the schemes in Dedza were built using locally available and inexpensive materials. 

The canals were lined with earth, except the main canal. The problem observed with 

the earth lined canals was that they required maintenance after every irrigation event. 

Almost 81% of the small-scale irrigation schemes in the study area used short furrows 

ranging from 2.5m to 6m. Onishi et al. (2019) established that using short furrows in 

irrigation schemes resulted in uniform water distribution across the field, enabling 

greater control of water application levels. According to Onishi et al. (2019), 

shortening the furrow length can be an effective way to save water. However, short 

furrows have the disadvantage of wasting land due to numerous furrow column 

spacings. This makes furrows that are as long as the field length better as they result 

in maximum land utilization (Abraham, 2019).  

Treadle pump 
[3%]

Motorised 
pump[2%]

Solar pump [2%]

Water can/ 
bucket [12.5%]

Gravity-fed canal 
[80.5%]
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The results also showed that farmers practicing furrow irrigation method required little 

technical knowledge. The irrigation method has proven to be convenient amongst 

farmers in Dedza because there was a shortage of a highly skilled labour force in the 

district. 

 

4.2.3 Strengths and weaknesses of watering can/bucket irrigation water 

delivery  

Irrigation by watering cans/buckets is a very basic way that is still widely used in 

Dedza and other parts of Malawi. Through feedback from the respondents, it was 

established that the method was practiced both in peri-urban homestead agriculture 

plots, backyard gardens and rural agriculture for growing vegetables. 

The watering can/bucket method serves many purposes. It serves as a way of lifting, 

conveyance and applying irrigation water. It is also practiced by some small-scale 

farmers in other countries such as Ghana and Zimbabwe (Scoones et al., 2019; 

Baldwin and Stwalley III, 2022).   The use of watering cans/buckets was shown to 

enable irrigation of specific locations and only where it is necessary. The method 

proved to be easy to handle and requires no technical equipment. It is therefore 

generally cheaper in contrast to advanced irrigation water delivery methods. However, 

results from the study show that the water delivery method created more work for the 

farmer especially if it was used on larger plots. This makes the method inefficient and 

labour-intensive and less desirable (Baldwin and Stwalley III 2022). 

 

4.2.4 Strengths and weaknesses of the treadle, motorized, and solar pump for 

irrigation water lifting 

According to the current findings, 3% of the farmers are using treadle pumps, and 2% 

of the farmers are using either motorized or solar pumps. Irrigation using different 

solar pumping techniques is very environmentally friendly as compared to the use of 

a motorized pump. However, both motorized and solar pumps proved to be labour-

saving as compared to the use of treadle pumps.  The 2% findings are in agreement 

with the observations made by Passarelli et al. (2018) in Ethiopia and Tanzania. 

Although these pumps (motorized and solar) have been proven to be efficient based 

on the few adopters in the study area, it was observed that most of the farmers could 
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not afford them. A similar situation was observed in Ghana by Baldwin and Stwalley 

III, (2022). Based on the focus group discussions, it was established that most of the 

pumps that are generally on sale are of sub-standard quality. Poor quality pumps break 

down quickly and are rapidly scrapped as noted by Baldwin and Stwalley III (2020). 

The challenge is that the farmers have no opportunity to buy good quality pumps on 

their own from suppliers. This absence of the independence of farmers to procure 

irrigation pumps on their own made irrigation based on these pumps unsustainable in 

Malawi as observed by Chiwasa and Kambewa (2018). 

 

4.3 EFFECTS OF DEFICIT FURROW IRRIGATION AS COMPARED TO 

CONVENTIONAL FURROW IRRIGATION METHODS. 

4.3.1 The number of scheduled irrigations and the amount of irrigation water 

supplied  

Water is a major factor in the successful production of crops. Crops require an 

adequate supply of moisture for optimum growth.  The amount of water that should be 

supplied to provide the needed soil moisture is affected by the area to be watered, crops 

grown, weather conditions, time of year, and environmental factors (solar radiation, 

wind and relative humidity) (Qin et al., 2018;  Ahmedi et al., 2019; Elhani et al., 2019; 

Igbal et al., 2020; Abebe et al., 2021). 

The analysis results indicated that the number of scheduled irrigations reduced as the 

MAD increased. This is because it takes more days to deplete the soil moisture to a 

large MAD than to a small MAD level (Table 4.1). The table also shows that irrigation 

water supplied for growing potatoes was significantly influenced by the MAD level as 

well as the irrigation technique. This is reflected in the highest volume of water 

supplied under the control (20% MAD-CFI) set-up in which no water-saving strategies 

were applied. This high irrigation water application is very common in Malawi 

agriculture (Chinula, 2019; Fandika et al., 2020). The table further shows that the 

amount of water applied under 40% MAD AFI was half the amount of water applied 

under 20% MAD CFI. Similar results were presented by Kassaye et al. (2020) who 

showed that the seasonal irrigation water applied in alternate furrows was nearly half 

of the amount supplied in CFI.  
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Table 4.1: Effect of deficit irrigation on the number of scheduled irrigations and 

volume of irrigation water applied 

Treatment Number 

of 

irrigatio

ns 

Irrigatio

n water 

applied 

(m3/ha) 

 Net 

irrigation 

(mm) 

Actual saved 

water 

(m3/h) 

Water 

saved 

(%) 

Equivalent 

area for 

saved 

water 

(ha) 

20%MAD-CFI 10 3929.9 393 0 0 0 

20% MAD-AFI 10 2734.9 273.5 1195 30 0.3 

20% MAD-FFI 10 2392.3 239.2 1537.6 39 0.3 

40% MAD-CFI 6 2027.8 202.8 1902.1 48 0.4 

40% MAD-AFI 6 1681.3 168.1 2248.6 57 0.6 

40% MAD-FFI 6 1462.3 146.2 2467.6 63 0.6 

60% MAD-CFI 5 4757.7 475.8 (827.8) (21) 0.6 

60% MAD-AFI 5 1304.3 130.4 2625.6 67 0.7 

60% MAD-FFI 5 1136.8 113.7 2793.1 71 0.6 

 

4.3.2 Irrigation scheduling 

(i) Irrigation scheduling under a 20% MAD 

As shown in Table 4.1, the total number of scheduled irrigation events for this MAD 

level summed up to 10. There were significant differences in the irrigation frequencies 

(the number of days in between one irrigation event and the next) during the growth 

period. This was mainly due to the variations in ETc with respect to the weather 

conditions and the stage of crop development. The conventional, alternate and fixed 

furrow irrigated plots received almost the same volume of water during the first 

scheduled irrigation on 13/05/2022 (Figure 4.4). The volume of water used slightly 

increased during the second, third, and fourth irrigation events. In general, during the 

implementation of the scheduled irrigation, the volume of water used in CFI was more 

than that of the AFI and FFI plots. This shows that AFI and FFI are water-saving 

strategies as stated among others in Yactayo et al. (2013), and Qin et al. (2018). 
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Figure 4.3: Irrigation water distribution within the irrigation regime with a 20% 

depletion level 

 

(ii) Irrigation scheduling under a 40% MAD 

In the irrigation regime with a 40% depletion level, the total number of scheduled 

irrigation events was reduced to 6 with a significant difference in the total number of 

days before the next irrigation. The volume of water used slightly decreased during the 

second, fourth, and sixth irrigation events (Figure 4.5). While the reduction in the 

applied volume for the second irrigation could be a random event, the 4th and the 5th 

scheduled irrigation events are within the period when a similar reduction in the 

applied irrigation water was observed in plots under a 20% depletion level (Figure 

4.4). Figure 4.5 reflects the actual appearances of the crop at different stages during 

the application of deficit irrigation. 

Statistically, there is a significant difference between the volumes of water used in 

plots under deficit irrigation and that of CFI. However, the results also show that the 

volume of water in AFI is almost the same as the volume of water used in FFI.  
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Figure 4.4: Crop stand corresponding to an irrigation event in plots with MAD of 

40% 

 

Figure 4.5: Irrigation water distribution within the irrigation regime with a 40% 

depletion level 

 

(iii) Irrigation scheduling under a 60% MAD 

The total number of scheduled irrigations was found to be 5 with a significant 

difference in the number of days in between before the next irrigation. The CFI, AFI 

and FFI plots received almost the same volume of water during the first and fourth 
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scheduled irrigation. The volume of water applied slightly decreased during the 

second, third, and fourth schedules of irrigation events. In the fourth scheduled 

irrigation event, the applied water was lower than the other scheduled irrigation by half 

because the ponding in the furrows was very quick. The reason for this is as explained 

in section 4.4.2.2 since it is within the same period the reduction in the applied 

irrigation was observed in Figure 4.4. During the last scheduled irrigation event, the 

volume of water used in CFI plots was double the volume of water used in AFI and 

FFI plots (Figure 4.6). This could suggest that the large duration between the last two 

irrigation events made the soil very dry and as a result, all the furrows demanded equal 

amounts of water. But since for the CFI, all furrows are irrigated while for the AFI and 

FFI half the number of furrows is irrigated during each event, the water applied for the 

CFI is likely to be twice that of the later strategies which was also reflected in the crop 

stand as shown in Figure 4.6. Statistically, there was no significant difference between 

the total volumes of water irrigated in plots under deficit irrigation and that of CFI.  

 

 

Figure 4.6: Crop stand according to the date of an irrigation event 

At the end of the growing season, it was noted that all the plots that were subjected to 

high MAD levels were irrigated with lower amounts of water that were almost half the 

volume of water applied for the 20% MAD Figure 4.8. This could have been due to 

the increased irrigation frequency durations associated with high MAD levels. 

Moreover, Figure 4.5 also shows that the same MAD level, CFI used more water than 

AFI and FFI strategies. 
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Figure 4.7: Irrigation water distribution within the irrigation regime with a 60% 

depletion level 

These results show that irrigation water can be save by increasing the MAD levels and 

by using either AFI or/and FFI. These water savings give an advantage of irrigating 

more land with less amount of water in areas where the supply of water is limited  

(Kassaye et al., 2020). As explained in Sarker et al. (2020). The water saving in AFI 

and FFI strategies due to the reduction of areas of the wetted surfaces leading to less 

evapotranspiration.  

 

 

Figure 4.8: Seasonal irrigation water distribution in all three different irrigation 

regimes 
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The ratio of actual saved water in plots under AFI and FFI with reference to the control 

(CFI 20% MAD) was calculated by using Equation 4.1: 

 

𝑦 =
3929.9 − 𝑥𝑛

3929.9
∗ 100                                                     (4.1) 

Where: 𝑦  is the amount of irrigation water saved expressed as a percentage, 

3875.57m3/ha is the seasonal water used in the control field of 20% MAD-CFI, 𝑥 is 

the actual amount of water used per plot under different MAD levels, and 𝑛 is the 

number of the plot within the MAD. 

Based on Equation 4.1, the potato producer (smallholder farmer) will be able to save 

water in the range of 35-70% representing 1,341-2697m3/ha when the farmer opts to 

use AFI or FFI strategy. According to Tejero et al. (2011), and Liu et al. (2022), on 

average the water saving for sustainable deficit irrigation is roughly between 750-

1500m3/ha. With the maximum water saved in the current results, the water user is 

able to expand the area of production by 0.7 hectares if grown by the same crop (Table 

4.4). However, in the case of Dedza, the saved water would result in the increase of 

farmers under irrigation. Hence the benefits from the water saved directly accrue to 

the community by playing a role in poverty reduction through the increased number of 

farmers under the irrigation scheme and not to an individual farmer. 

 

Table 4.2: New area (ha) of production from the saved water due to deficit irrigation 

  Saved water (%) Actual saved 

water(m3/ha) 

Equivalent area (ha) 

 

 0 -  

 30 1,195 0.3 

 39 1,537.6 0.3 

 48 1,902.1 0.4 

 57 2,248.6 0.6 

 63 2,467.6 0.6 

 (21) (827.8) 0.6 

 67 2,625.6 0.7 

 71 2,793.1 0.6 
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4.3.3 Effects on potato growth and yield factors  

(i) Plant height 

Plant height is a good indicator for determining stress. It changes at different levels of 

water deficiency (Bhattacharya, 2021).  FFI strategy across the different regimes show 

no significant effect on plant height (P ≤ 0.05) (Table 4.5). The plant heights under the 

CFI strategy with a 40% depletion level, were similar to those of the FFI strategy in 

all three different regimes and the AFI strategy under 20% MAD. On the other hand, 

the deficit irrigation strategies (AFI, and FFI) indicate no significant difference from 

each other in plant height at (P≤ 0.05). Plant heights in CFI of 20% maximum depletion 

level were greater than plant heights recorded in treatments that were replenished when 

depletion levels were at 40% and 60%.  

 

Table 4.3: Effects of deficit irrigation strategies and irrigation regimes on plant 

height 

Maximum allowable depletion level  

Plant heights(cm) 

Irrigation strategy 20% depletion 40% depletion 60% depletion  

CFI 38.40a 31.76ab 27.66b  

AFI  33.96ab 29.96b 28.96b  

FFI 32.30ab 31.40ab 31.90ab  

NB: Mean values within the same columns by different letters (a–d) are 

significantly different at the level of 5% (P ≤ 0.05) within treatments. Values are 

the mean of three replications of each treatment.  

The present results show that with increasing soil water supply and less plant moisture-

based stress, plant heights were significantly increased (Table 4.5). This was also 

reported in Piao et al. (2019) and has the implication that deficit irrigation shortens 

plant height as reported in A et al. (2020); Parkash et al. (2021) and El-Mageed et al. 

(2022). Moreover, Ostadi et al. (2022) and Hazrati et al., (2022) reported that the plant 

height of Sage (Salvia Officinalis) decreased with increased MAD and vice versa. 

Wang et al. (2019) indicated that plant height had a linear correlation with the 

availability of soil moisture.  
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(ii) Number of stems 

Agronomic attributes such as the number of stems are a causal factor of the potato 

tuber yield in watertight environments and they are useful indicators in the assessment 

of drought tolerance (Mthembu et al., 2022). There was no significant difference at the 

level of 5% (P≤ 0.05) within the irrigation strategies (CFI, AFI, and FFI), MAD levels, 

and the interactions   between the strategies and depletion levels (Table 4.6). A far 

higher number of stems was recorded in the CFI plots under an irrigation regime of 

20% depletion level followed by 40% and 60% irrigation levels respectively. 

According to Amanturdiyev (2022), the demand for water in the care of crops in 

agriculture is determined by the irrigation regime (MAD level), climatic conditions 

(Table 4.1), and soil type (Table 4.2) among others. A significantly greater number of 

stems was recorded in AFI under an irrigation regime of 40% depletion level followed 

by 20% and 60% irrigation depletion levels. In FFI, a much greater number of stems 

was recorded in the plots under an irrigation regime of 40% depletion level followed 

by 60% and 20% irrigation level respectively. Thus, there is no significant difference 

between CFI, AFI, or FFI across the irrigation regimes. 

 

Table 4.4: Effects of deficit irrigation strategies and irrigation regimes on the 

number of stems 

Maximum allowable depletion level 

Number of stems 

Irrigation 

strategy 

20% depletion 40% depletion 60% depletion 

CFI 1.83a 1.50a 1.46a 

AFI  1.56a 1.73a 1.33a 

FFI 1.43a 1.66a 1.46a 

According to the findings of Barakat et al. (2020) in Egypt, potato plants grown under 

moderate and severe deficit irrigation were negatively affected by having more stems 

than unstressed plants.  From this claim it is possible to conclude that plants under AFI 

of 40% MAD were as stressed as the plants in FFI of the same MAD. Similar 

observations were made by Elhani et al. (2019) and El Bergui et al. (2020) in Morocco 

who stated that plants grown under deficit irrigation have more stems that are short. 
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Actually, few plants mean less overcrowding which give plant enough room to 

produce large tubers. 

 

(iii) Number of tubers  

The findings show that the number of tubers per plant is significant at the level of 1% 

(P≤0.01) within the irrigation regimes. On the contrary, the number of tubers per plant 

show no significant difference between the irrigation strategies. There is also no 

significant difference of the interactions existing between the MAD and the irrigation 

strategies. A relatively greater number of tubers per plant was noted in CFI plots under 

an irrigation regime of a 20% depletion level followed by 40% or 60% MAD levels 

with the same number of tubers (Figure 4.9). In AFI, a greater number of tubers per 

plant was recorded in the plots under an irrigation regime of 20% depletion level 

followed by a 40% and 60% irrigation depletion level respectively. A significantly 

greater number of tubers per plant was collected in FFI under an irrigation regime of 

a 20% depletion level followed by a 40% and 60% irrigation depletion level. Thus, the 

number of tubers decreases with an increase in MAD level. These results show that 

from the yield perspective, there is no increase in benefits in stressing the crop in terms 

of increasing MAD levels together with the application of irrigation strategies (AFI 

and FFI). 
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Figure 4.9: Effects of CFI, AFI, and FFI on the number of potato tubers 

The findings further show that there is a significant difference (P ≤ 0.01) in the number 

of tubers per unit area within the irrigation regimes. The results also show no 

significant difference within the irrigation strategies. This implies that the MAD plays 

a major role in the number of tubers per unit area. These results agree with those found 

in Turkey by Gultekin and Ertek, (2018). Similar observations were made at 

Cambridge by Huntenburg et al. (2021) who reported that tuber development seemed 

to respond to systematic moisture stress signals rather than local soil conditions. 

 

(iv) Tuber length  

The results showed that tuber length was significantly different (P≤0.001) across the 

irrigation regimes as well as the irrigation strategies. On the other hand, there was a 

significant difference in tuber length at the level of 5% (P ≤ 0.05) as a result of the 

interactions between the irrigation regimes and irrigation strategies (Table 4.7). Thus, 

the tuber length in FFI of 20% irrigation depletion level show similarities with results 
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found in FFI under 40% irrigation depletion level and AFI under 60% irrigation 

depletion level. The tuber length in CFI under 60% irrigation depletion level showed 

no significant difference with results found in FFI of the same regime. The tuber length 

recorded in CFI under individual irrigation regimes is relatively higher than those of 

AFI and FFI. Based on these results, the tuber length decreases as the depletion level 

increases. Thus, the length of tubers observed in CFI is not different from AFI of a 

20% depletion level. 

 

Table 4.5: Effects of deficit strategies and allowable depletion levels on the length of 

tubers 

Maximum allowable depletion level 

Tuber Length 

Irrigation strategy 20% depletion 40% depletion 60% depletion 

CFI 8.73a 6.36bc 4.16d 

AFI  7.30ab 5.20bcd 4.63cd 

FFI 5.00cd 4.73cd 3.36d 

 

(v) Tuber diameter 

The findings showed that the tuber diameter was significantly different (P≤0.001) 

across the irrigation regimes. Furthermore, the results showed that tuber diameter was 

significantly different at the level of 5% (P≤0.05) in all the irrigation strategies (Table 

4.8). The tuber diameter recorded in CFI of individual irrigation regimes was relatively 

greater than that of AFI and FFI. The tuber diameter observed in plots with AFI of 

40% and 60% irrigation depletion level turns out to be similar to the results collected 

under FFI of 40% and 60% irrigation depletion level. In addition, there was no 

significant difference between CFI under a 60% irrigation depletion level and that of 

AFI and FFI which was under a 40% irrigation depletion level. These results suggest 

that tuber diameter was negatively affected by both the MAD level as well as the 

application of water-saving strategies. 
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Table 4.6: Effects of deficit irrigation strategies on tuber diameter 

Maximum allowable depletion level 

Tuber diameter(cm) 

Irrigation 

strategy 

20% depletion 40% depletion 60% depletion 

CFI 4.16a 2.96bcd 2.30cd 

AFI  3.83ab 2.66cd 2.13d 

FFI 3.33abc 2.23cd 2.03d 

 

(vi) Potato yield 

The results showed that the yield exhibits high significant difference (P≤0.001) across 

the individual irrigation regimes. The magnitude of yield reduction increased with 

increasing water deficit. On the other hand, the yields in plots with different furrow 

irrigation strategies show no significant difference. Statistically, there was no 

significant difference in yields for the interactions between irrigation strategies and 

irrigation regimes. 

It was also observed that more irrigation water was saved as the depletion levels 

increased with a decrease in yield (Table 4.9). With respect to the CFI control plots 

under the 20% depletion, the highest and lowest amount of water saved was observed 

in FFI under the 20% soil water depletion level and AFI under the 60% soil water 

depletion level. Furthermore, the results show a minimum of 6% and a maximum of 

49% yield reduction in AFI under the 20% soil-water depletion level and FFI under 

the 60% soil-water depletion level respectively. Despite saving more water in plots 

under 60% MAD, there is a problem of significant yield decrease due to water stress 

which was a result of the fewer number of irrigations. Potato plant sensitivity to water 

stress leads to a decrease in yield (Jefferies, 1993; Stark et al., 2013; Ariza et al., 2020; 

Hill et al., 2021). 

AFI and FFI under 20% depletion level show improved yields which if adopted could 

improve farmers’ income and food security. Thus, the yields realized under AFI and 

FFI under 20% MAD from this study surpass the current national average potato yield 

which is 18.4mt/ha (Placide et al., 2019). The current results agreed with research done 
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in Tunisia by Ghazouani et al. (2019) which concluded that crop yield was affected by 

either the total amount of irrigation water supplied or the MAD.  

With all the factors constant, the amount saved will be enough to produce ≈ 13 tons of 

potatoes. This tonnage can contribute towards achieving the aim of the government 

policy of increasing production to meet domestic demand. 

 

Table 4.7: Effects of deficit irrigation strategies on potato yields 

Treatment Yield (t/ha) Yield reduction (%) 

20%MADCFI 22.68a 0 
20%MADAFI 21.30ab 6 
20%MAD-FFI 19.59abc 14 
40%MADCFI 17.03abcd 25 
40%MADAFI 15.69bcd 31 
40%MADFFI 15.01cd 34 
60%MADCFI 13.28d 41 
60%MADAFI 12.91d 43 
60%MADFFI 11.51d 49 

 

4.4 PROFITABILITY OF POTATO PRODUCTION UNDER AFI AND FFI 

4.4.1 Economic water productivity 

The recent local average market price for potato tuber was taken as 500,000.00 Malawi 

kwacha per ton (500 US$/ton). This gave a maximum TR of 10,850 US$ and a 

minimum of 5,750 US$ for the control plot under 20% MAD and FFI under 60% MAD 

respectively (Table 4.9).  

Table 4.8: Harvested potato value based on local average market price 

Treatments Yield  

(t/ha) 

Revenue 

(US $/ha) 

20% MAD-CFI 21.7 10850 

20% MAD-AFI 21.3 10650 

20% MAD-FFI 19.6 9800 

40%MAD-CFI 17.1 8550 

40%MAD-AFI 15.7 7850 

40%MAD-FFI 15.0 7500 

60%MAD-CFI 13.3 6650 

60%MAD-AFI 12.9 6450 

60%MAD-FFI 11.5 5750 
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The ratio of the TR and seasonal water use per hectare gives the picture of economic 

water productivity (EWP). The highest EWP value was found to be 5.10 US$/m3 

(Figure 4.10). This gives a 95% increase with respect to the control. This EWP was 

obtained for the AFI strategy under the 60% depletion level. The control shows the 

lowest EWP value of 2.80 US$/m3 (Figure 4.10). From the results, it is possible to 

deduce that a highest water profit can be gained per m3 of irrigation water applied to 

the field from the AFI with the 60% depletion level. However, if potato yields above 

the national average (18.4mt/ha) are considered, the economic water productivity 

value comes to roughly 3.90 US$/m3 (39% increase) or 4.10 US$/m3 (46% increase) 

obtained from the AFI and FFI plots respectively under the 20% MAD regime. 

 

 

Figure 4.10: Economic water productivity of potato production under deficit 

irrigation 

One of the key principles for improving water productivity at the field, farm, and basin 

levels, which applies regardless of whether the crop is grown under rain-fed or 

irrigated conditions is to increase the marketable yield of the crop for each unit of 

water transpired by it (Sharma et al., 2018; Mabhaudhi et al., 2019; Mabhaudhi et al 

2021; Patnaik et al., 2022). Based on the results, farmers may choose to switch to a 

different crop or cropping system that will have higher EWP. At the farm level, EWP 

can help farmers make decisions that will help them increase their income. At the 

policy level, the EWP can assist decision-makers and water managers in allocating 

water in an economically optimal way. 
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4.4.2  Profitability of potato production  

The profitability of potato production is determined using the gross margin which is 

the difference between the revenue from the sale of the potato and the cost of producing 

them. The revenue values from the sale of potatoes for each irrigation strategy and 

level of soil moisture depletion are shown in Table 4.10. The total variable cost was 

derived from the summation of water, labor, fertilizer, seeds, and plant protection 

costs. Based on the activities undertaken, the total variable cost during the production 

of potatoes was 1,084.80 US$/ha (Table 4.11). 

Table 4.9: Variable costs used during potato production under irrigation 

Variable costs items Cost (US$/ha) 

Seed procurement 783.85 

Ploughing 21.00 

Harrowing+ land levelling 12.00 

Ridging+ Plot layout 15.00 

Ammonium Sulphate (50kgs) 26.50 

Calcium Ammonium nitrate (50kgs) 56.00 

Dimethoate 20WP 51.20 

Dithane  M45 32.00 

WUA fee 31.25 

Labor 56.00 

Total variable costs 1,084.80 

The gross margins for each MAD level and irrigation strategy (Figure 4.11) were 

determined using the values in Tables 4.10 and 4.11.0, The figure shows that farmers 

can still be able to make more than the average national gross margins if they 

implemented DI under 20% MAD regime. Under this level of depletion, AFI and FFI 

show a significant amount of gross profit that is not significantly different from the 

profits realized under CFI (Figure 4.11).  The current findings agree with Hilemicael 

and Tibebe, (2018) who concluded that potato yields can be optimized if the depletion 

is between 20% and 40%.  An equivalent average of 9,137.70 US$ can be realized 

using the local average market price which was taken at 500US$/ton. In the case of 

Dedza, while the profitability of AFI and FFI under a 20% depletion level is slightly 

less than that of CFI, application of these irrigation strategies has more benefits to the 

communities because it enables more farmers to be under the irrigation scheme. This 

increase in the number of farmers who are able to access the saved water to irrigate 
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additional land has the community benefit of reducing poverty by enabling more 

households to have a source of income and assured food security. 

 

 

Figure 4.11: Gross margin analysis of irrigated potato under DI 

The results disagree with that of Gultekin and Ertek (2018) of Turkey who concluded 

that deficit irrigation is not suitable for potato cultivation because the profits from the 

reduced water applications cannot compensate for the income loss from the reduced 

yield. On the contrary, the results of this study are backed by Cosmas et al, (2019) 

whose report showed that the reduced yields under deficit irrigation are compensated 

by increased production from the additional irrigated area with the saved water. 

 

4.5 SUMMARY 

In this chapter, the discussion of results in line with the research questions was 

presented. The discussion included the landowner ship based on matrilineal kinship, 

strengths and weaknesses of the current irrigation practices in Dedza district. The 

practices were considered as a combination of the water lifting/delivery methods 

(based on the gravity-fed canal, bucket/watering can, treadle, solar, motorised pumps) 

and the irrigation methods which are dominated by furrow irrigation. 

In Dedza, almost all the farmers have a fixed size piece of farmland of about 0.22 

hectares grown with irrigated potato and the land is either owned through inheritance, 

rent or both.  Gravity fed irrigation schemes have low operating costs for the 
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conveyance system and ease to use. Short furrows that do not require extensive 

levelling and grading are commonly used in the study area. Despite being convenient 

amongst farmers in the area, the furrow irrigation method practiced is labour intensive 

and time consuming in some irrigation schemes due to their heavily dependence on 

man power to achieve different in-field tasks. A smaller population of farmers’ use 

bound-basin to reduce surface runoff. However, most of the water within the basins is 

lost through percolation. Based on the few farmers using available pumping techniques 

(treadle, motorized, and solar pump), it was observed that using these pumps is 

efficient and at the same time relatively expensive amongst the smallholder farmers. 

The chapter further discussed the influence of deficit and conventional furrow 

irrigation strategies on irrigation water supply, irrigation scheduling, economic water 

productivity, and potato plant growth factors. The profitability of potato production 

under deficit irrigation was established. The results show that with DI, it is possible to 

expand the area under irrigation, improve water use efficiency and increase 

productivity in irrigated agriculture. These remain the most important domains of the 

agro-based economies.  

DI has been shown as a water saving technique that does not reduce the potato yields 

greatly within the 20% MAD level. In places where the size of irrigated land is not 

fixed, individual farmers who save water can use it to increase their irrigated area. 

However, in Dedza, the farm sizes are fixed and as a result, water saved by an 

individual farmer would benefit the community by enabling other farmers to be 

included in the irrigation scheme. This can have far-reaching positive effects on the 

fight against poverty and on ensuring food security.
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CHAPTER FIVE 

5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 INTRODUCTION 

The chapter presents the major conclusions recommendations based on the study. 

 

5.2 CONCLUSIONS 

The major aspects investigated by the study were land ownership in Dedza, effects of AFI, 

FFI and the different MAD levels on, among other aspects, the potato yield and the 

profitability of potato production under DI using the gross margins. The major conclusions 

were:  

 Farming land is owned through inheritance following the matrilineal kinship, 

renting, or both. The dominant ownership is through renting. This has implication 

of limiting the level of investment on the farms by the farmers. Moreover, the farm 

plots for farmers who are accessing water from the irrigation scheme are limited 

to 0.22 ha and farmers cannot expand their irrigated farm plots even if they had 

the capacity to do so.  

 DI can be used as a water saving technique that does not reduce the potato yields 

greatly within the 20% MAD level. In places where the size of irrigated land is not 

fixed, individual farmers who save water can use it to increase their irrigated area. 

However, since in Dedza, the farm sizes are fixed and as a result, water saved by 

an individual farmer would not benefit the farmer by increasing the area under 

irrigation, has the potential to benefit the community by enabling other farmers to 

be included in the irrigation scheme. This can have far-reaching positive effects 

on the fight against poverty and on ensuring food security. 

 The yields under different irrigation strategies (CFI, AFI, and FFI) within the 

MAD level were almost the same with CFI giving better yields. The results showed 

a minimum of 6% and maximum of 49% yield reduction in AFI under the 20% 

MAD level and FFI under 60% MAD level respectively. 
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 AFI and FFI under the 20% MAD level show gross profits that are not significantly 

different from the profits realized under control CFI under the same MAD level. 

Thus, the gross margins for each MAD level and irrigation strategy show that 

farmers can still make more than the average national gross margins if they use DI 

under 20% MAD. 

 

5.3 CONTRIBUTIONS OF THE RESEARCH 

 Currently, there is huge knowledge gap on optimal irrigation water management 

for irrigated potato production in Malawi. The study has shown that with the 

furrow irrigation under the soil and climate conditions in Dedza, AFI and FFI at 

20% MAD level are indeed water-saving irrigation strategies where the farmer 

does not experience significant crop yield losses. The National Agriculture 

Investment Plan identifies sustainable irrigation strategies from a farmer’s 

perspective as one of the research needs in the irrigation sub-sector (Government 

of Malawi, 2018). Thus, these results provide relevant information about the 

effects of deficit irrigation in potato production and the benefits of adopting such 

strategies.  

 Despite the current increase in the production area, the national average potato 

yield is still very low (18.4 tons/ha) against the potential of 40 tons/ha. This 

research has shown that managing the crop under AFI of 20% MAD can allow the 

farmer to have yields above the national average and at the same time save water 

that can be used by additional irrigation scheme members.  On the other hand, 

using the water balance sheet and the daily class A Pan data helped in allocating 

water economically, a thing that is new among the farmers. Scheduling of DI based 

on crop evapotranspiration is also uncommon in the literature.  

 The study has also highlighted the fact that in the case of Dedza, water saving 

irrigation strategies will not necessarily benefit the individual farmer who applies 

them. This aspect may make it not necessary for the farmer to use DI strategies 

unless there are proper packaged awareness messages on the benefits to the large 

community of employing DI strategies. This can also work better if added in the 

current irrigation ACT through the influence of policymakers. 
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5.4 RECOMMENDATIONS 

The conclusions in this study are based on results obtained from one season’s 

experimental data. It is recommended that the experiment should be repeated for a 

minimum of two seasons for the conclusions to be verified and reliable. Moreover, 

considering that the experimental plots were on one site of Dedza district and using one 

cultivar, for the case of Malawi as a whole, it would be more informative if the same 

experiment was done on different sites in different ecological zones while comparing the 

performance of different potato cultivars available in the country grown under irrigation. 

This would provide information on the best performing cultivars in different ecological 

regions. During the experiment, it was observed that the amount of irrigation water 

reduced around July and August. Though it was suspected that the reduction of irrigation 

water was due to high moisture content in the soil, it could not be verified because the 

trend was observed during data analysis. Thus, there is a need for future research that will 

investigate the moisture contribution from the rise in groundwater levels. The research 

should combine the use of soil moisture sensors and the water balance sheet in order to 

provide an explanation for the reduced irrigation water observed in the current study.
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APPENDICES 

APPENDIX A1: Data collection for soil characterization 

(a) Bulk density 

The core method of bulk density determination was used. Aluminum soil sampling rings, 

woodblock, rubber mallet, fording trowel, sealable bags, marker pen, 1g precision scale, 

ceramic coffee cups, spade, and microwave oven were the equipment used during the 

undisturbed soil samples collection. 

To extract the undisturbed sample, a sampling ring was driven into the soil using a small 

mallet and a block of wood (Figure A1.1 A and B). The ring was removed from the soil 

by cutting around the outside edge with a spade and a small fording trowel was placed 

underneath the base of the ring to prevent the loss of soil as the ring was being lifted out. 

The sample was sealed with plastic lids labelled as shown in Figure A1.1C. The sample 

was later weighed and its weight was recorded in a notebook. The weight of two identical 

clean empty plastic cups was recorded likewise. The results were subtracted from the 

weight of the cups to find the actual weight of the soil samples. Then the samples were 

oven dried for 48 hours in a laboratory environment at a temperature of 105oC.  After 

48hrs, the samples were cooled and weighed together with the sampling rings. Soil 

samples were then removed from the sampling rings to weigh the rings only. 

 

A 
C 
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Figure A1.1: Steps of extracting cores of the undisturbed soil sample from the 

experimental site 

The bulk density (ρb) was calculated by dividing the weight of dry soil by its volume 

(Equation A3.1) which is the volume of the sampling cylinder. It was calculated as: 

 

𝜌𝑏 =
𝑀𝑠

𝑉𝑠   
                                                               (𝐴3.1) 

 

Where: 

ρb = Bulk density in grams per cubic- centimetre (g/cm3)  

Ms = Mass of oven-dry soil in grams (g) 

Vs = Total volume of the same soil in cubic-centimetre (cm3) 

(b) Soil moisture content 

The soil moisture content was determined at both the field capacity and permanent wilting 

point. 

(i) Soil moisture content at field capacity and wilting point 

The disturbed soil samples were collected for moisture content (MC) determination at FC 

and permanent wilting point (PWP) (Mehmood et al., 2019). A hand auger (Figure A1.2) 

was used to collect disturbed samples in the middle of each plot. The samples were 

collected at an effective depth of 60 cm which is the root depth for potatoes. From the 

undisturbed soil sample, 25 g of air-dried soil was placed in a crucible and weighed on a 

digital scale (Figure A1.3). 

The air-dried soil sample was then moved into retaining rings on porous plates of the 

pressure chamber. Water was added to the plates and the sample was allowed to get 

saturated. The plates were placed in the pressure chambers while thin rubber tubes were 

connected to the beakers (Figure A1.4). 
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Figure A1.2: A hand auger is used to get soil samples from different treatment plots 

 

 

Figure A1.3: Weighing air-dried soil on a digital scale 
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Figure A1.4: Pressure chambers used to determine FC (A) and PWP (B) inside soil 

science Laboratory of Bunda College 

In Figure A1.4A, the suction pressure was set at -3 bars. When water completely stopped 

coming out through the rubber tubes, the samples were removed and placed in small 

drying tins for 24 hours. Finally, the field capacity was calculated using Equation A3.2. 

 

𝑚 (%) =
𝑊𝑤𝑠−𝑊𝑑𝑠

𝑊𝑑𝑠
× 100                                                (𝐴3.2)  

 

Where: 

𝑚 (%)= Mass-based soil moisture content at FC or PWP (%) 

𝑊𝑤𝑠= Weight of wet soil in grams (g) 

𝑊𝑑𝑠= Weight of dry soil in grams (g) 

 

(ii) Soil moisture content at wilting point 

The laboratory procedure used to determine the PWP was similar to the one used for FC 

determination except for one step. For PWP, the suction pressure was set at -15 bars. The 

soil moisture content at PWP was also determined using Equation A3.2. 

 

A 
B 
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(c) Soil texture 

The soil particle size or texture analysis was performed on air-dried soil. The soil was 

dispersed into individual particles of sand (2.00 – 0.05mm), silt (0.05 – 0.002mm), and 

clay (<0.002mm) fractions. The air-dried samples weighing 40g were placed into 

measuring cylinders where the soil suspensions were formed by the addition of distilled 

water. 10ml of 10% Calgon solution was also added to each cylinder, as a dispersing agent. 

The soil suspension was allowed to stand for 10 minutes. There were 27 cylinders each 

representing a plot.  The cylinders with water-soil sample suspension are shown in Figure 

A1.5, 

 

Figure A1.5: Determination of soil texture in Kasinthula Research Station Lab 

The suspension was transferred into the dispersing cup with distilled water and was mixed 

for two minutes with an electric high-speed stirrer. The suspension was moved into a 

measuring cylinder and the remaining soil was rinsed into the cylinder with distilled water. 

The hydrometer was inserted into the suspension, in which the water was added to the 

mark of 1000 ml and then the hydrometer was removed following the procedure in Korner 

et al. (2018), and Nogueira et al, (2021). The cylinder was covered with a tight-fitting 

cover before inverting the cylinder carefully 10 times to mix the suspension. Three drops 

of amyl alcohol were added to the soil suspension as a solvent and the hydrometer was 

gently placed after 20 seconds. 

The suspension was left to stand for 40 seconds the time when hydrometer readings were 

taken again and the temperature of the suspension was measured. The cylinder was 

covered again with a tight-fitting rubber bung to mix the suspension by inverting the 

cylinder 10 times and then allowed to stand undisturbed for two hours. Both hydrometer 
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and temperature were recorded after 2 hours. The hydrometer reading after 40 seconds 

reflected the grams of silt + clay in 1 litre of the suspension (Barman and Choudhury, 

2020). Thus, the sand weight was determined by subtracting the hydrometer value from 

the original sample weight of 40 grams. Then, the percent of sand was calculated by 

dividing the sand content in the sample by the total weight of the sample and multiplying 

by 100 (Equation A3.3). 

 

 𝑆𝑎𝑛𝑑 % =
𝑆𝑎𝑛𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 
× 100                        (𝐴3.3)  

 

After another 2 hours, the silt was assumed to have settled and Equation A3.4 was used.  

 𝐶𝑙𝑎𝑦 % =
𝐶𝑙𝑎𝑦 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
× 100                          (𝐴3.4)  

The silt content was therefore calculated by subtracting the sum of the clay and sand 

content from 100 % following Equation A3.5. 

𝑆𝑖𝑙𝑡 % = 100% − ( 𝑐𝑙𝑎𝑦% − 𝑠𝑎𝑛𝑑 %)                      (𝐴3.5)  

Once the sand, silt, and clay distributions were determined, the soil was assigned to a 

texture class based on the soil textural triangle (Figure 2.10). 



 

124 

 

APPENDIX A2: ANOVA MEANS 
Treatment Stand 

count  
Plant 
height  

Number 
of stems 

Number 
of tubers 
per 
plant 

Tuber 
length(cm) 

Tuber 
diameter 

Number of 
tubers per 
m2 

Yield 
(t/ha) 

MAD1T00 94.66a 38.40a 1.83a 7.77a 8.73a 4.16a 55.16a 22.68a 

MAD1T01 79.66abc 33.96ab 1.56a 7.13a 7.30ab 3.83ab 43.25ab 21.30ab 

MAD1T02 82.33abc 32.30ab 1.43a 6.50a 5.00cd 3.33abc 41.08ab 19.59abc 

MAD2T00 90.33a 31.76ab 1.50a 5.60a 6.36bc 2.96bcd 38.43ab 17.03abcd 

MAD2T01 90.66a 29.96b 1.73a 5.06a 5.20bcd 2.66cd 35.21ab 15.69bcd 

MAD2T02 88.66ab 31.40ab 1.66a 5.23a 4.73cd 2.23cd 35.16ab 15.01cd 

MAD3T00 75.30abc 27.66b 1.46a 5.56a 4.16d 2.30cd 31.96b 13.28d 

MAD3T01 68.66bc 28.96b 1.33a 5.46a 4.63cd 2.13d 28.96b 12.91d 

MAD3T02 62.00c 31.90ab 1.46a 5.23a 3.36d 2.03d 24.71b 11.51d 

Analysis test codes (P-value) 

MAD *** *** ns **  *** *** ** *** 

Irrigation ** ns ns ns *** * ns ns 

MAD*Irrigatio
n 

ns * ns ns * Ns ns ns 

NB: Mean values within the same columns by different letters (a–d) are significantly 

different at the level of 5% (P ≤ 0.05) within treatments. Values are the mean of three 

replications of each treatment. Here, analysis of variance (ANOVA) the significant test P 

values were shown (* indicates P ≤ 0.05, ** indicates P ≤ 0.01; *** indicates P ≤ 0.001, 

highly significant and ns indicate no significance). 

APPENDIX A3: ANOVA MEAN VALUES 

Treatment Yield 
(t/ha) 

Number of 
irrigations 

Water use 
(m3/ha) 

WUE(Kg/m3) Water 
saved (%) 

% Yield 
reduction 

MAD1T00 22.68a 10 3874.57a 5.85a 0 0 

MAD1T01 21.30ab 10 2534.17b 8.41a 35 6 

MAD1T02 19.59abc 10 2648.37b 7.40a 32 14 

MAD2T00 17.03abcd 6 1866.45c 9.12a 52 25 

MAD2T01 15.69bcd 6 1704.91cd 9.20a 56 31 

MAD2T02 15.01cd 6 1600.28cd 9.38a 59 34 

MAD3T00 13.28d 5 1612.79cd 8.23a 58 41 

MAD3T01 12.91d 5 1178.18d 10.96a 70 43 

MAD3T02 11.51d 5 1381.37cd 8.33a 64 49 

Analysis (P-value) 

MAD ***  *** ns   

Irrigation ns  *** ns   

MAD*Irrigation ns  ** ns   
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APPENDIX B1: APPROVAL OF STUDY 
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APPENDIX B2 INDIVIDUAL CONSENT FORM 
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If you decide not to take part in this research study, do you know what your options are? 
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 Do you know that you do not have to take part in this research study if you do not wish 

to? 

 Do you have any questions? 

Procedures 

The questions will be read to you and you can say out loud the answer you want me to 

write down. If you do not wish to answer any of the questions included in the survey, you 

may skip them and move on to the next question. The information recorded is confidential, 

your name will not be included in the main report, only a number will identify you, and 

no one else except myself and possibly my Supervisors from the University of Zambia 

will have access to this survey. 

The research will take place over four months. However, this interview will last for about 

15 minutes per person right here in this village. For the remaining time, the experimental 

plot will be set at Kamgulitse irrigation scheme and you are welcome to visit. 

If you decide to take part in the study, do you know how much time will the interview 

take? Where will it take place? 

 Do you know how much time will take to answer the questions?  

If you agree to take part, do you know if you can stop participating? 

 Do you know that you may not respond to the questions that you do not wish to respond 

to?  Do you have any more questions? 

Use of information 

The information we shall get from you will be used to establish the strength and 

weaknesses of the current irrigation strategies in your area. 

There will be no direct benefit to you, but your participation is likely to help us find out 

more about the strengths and weaknesses of the current irrigation strategies in your area. 

You will not be provided any incentive to take part in the research. However, we will give 

you refreshments for your time. After weighing the harvest, farmers of Kamgulitse 

irrigation scheme will be allowed to get the rest of the potato from the experimental plots.  

Can you tell me if you have understood correctly the benefits that you will have if you 

take part in the study?  

Do you know how the study will pay for using the land within Kamgulitse irrigation 

scheme? 
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Confidentiality 

The research being done in the community may draw attention and if you participate you 

may be asked questions by other people in the community. We will not be sharing 

information about you with anyone outside of the research team. The information that we 

collect from this research project will be kept private. Upon request, it may be shared with 

the Malawi Government Scholarship Fund management team.  

This protocol has been reviewed and approved by NASREC which is a committee whose 

task is to make sure that research participants are protected from harm. If you wish to find 

out more about the IRB, contact: 

Chairperson, Natural and Applied Sciences, 

Research Ethics Committee, 

University of Zambia 

P O Box 32379 

 LUSAKA 

OR 

 Director, Directorate of Research and Graduate Studies 

 University of Zambia 

 P O Box 32379 

 LUSAKA 
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APPENDIX C1: FARMER INVOLVEMENT QUESTIONNAIRE 

This survey is on farmer involvement in the strength and weaknesses of current irrigation 

strategies in the area. You are requested to answer ALL the questions in the survey. 

 Below are statements that are followed by a range of answers. 

 Please read them carefully and see the answer that best explains how much you 

agree with the statement. 

 It will be helpful if you answer sincerely.  

  Your accurate information will assist the decision-makers in designing activities 

and programs that are helpful to the farmers, Agricultural extension workers, 

district administrators, and other stakeholders in the community. 

1. Name of interviewer [---------------------------------------------------] 

2. Name of respondent [---------------------------------------------------] 

3. Gender:  [--------] 1=Male, 2= Female 

4. Marital status  [--------] 1=Married, 2= Single, 3= Divorced, 4= Widowed 

5. Name of respondent’s village [----------------------------------------] 

6. Highest level of education of respondent [-----------] 1= None, 2=Basic, 3= 

Primary, 4= Secondary, 5= Tertiary 

7. Age of the farmer in years [-----------] 1= Above 65, 2= 50 to 65, 3= 36 to 49, 4=20 

to 35,              5= Below 35  

8.  What is the most used irrigation strategy in your area for potato production? [----

-------] 1=use of water can/bucket, 2= use of the gravity-fed canal, 3= use of bound 

basin, 4= use of treadle pumps, 5=use of motorized pumps, 6= others 

9. What are the strengths of the current irrigation strategies STATED in Q8? [-------

--------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------

-------------------------------------] 

10. What are the weaknesses of the current irrigation strategies STATED in Q8? [----

--------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------
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--------------------------------------------------------------------------------------------------

-------------------------------------] 

11. What type of crops do you grow under irrigation? [-----------] 1=Potato, 2= Beans, 

3= Maize, 4= Vegetables 

12. How big is your land grown under POTATO irrigation? [------------] 1= less than 

0.1 acre, 2= 0.1 to one acre, 3= 1 to 2.5 acres, 4= more than 2.5 acres 

13. How big is your rented land grown under POTATO irrigation? [------------] 1= less 

than 0.1 acre, 2= 0.1 to one acre, 3= 1 to 2.5 acres, 4= more than 2.5 acres 

14. What irrigation strategy do YOU use for Q9? [---------] 1=Water can/bucket, 2= 

Gravity fed canal, 3= Bound basin, 4= Treadle pump, 5=Motorized pump, 6= 

others 

15. If [1] was among your answers for Q9, proceed to Q14 

16. Do you have problems doing irrigation of potatoes? [---------] 1=Yes, 2= No 3= 

Sometimes 

17. How often do you irrigate your field within the scheme? ----------------------- 

18. What type of problems do you have in the irrigation farming of potatoes? [--------

] 1= Technical related, 2= Social-economic related, 3= Financial related, 4= Other 

19. How are Agricultural extension workers in your area involved during the irrigation 

of potato [-------] 1= Provide technical support, 2= Link farmers to stakeholders 

for financial support, 3= Coordinating learning farmer visits, 4= Other 

20. How often does your Government help concerning irrigation farming in your area? 

[----] 1= At least once/financial year, 2= At most once/ financial year, 3= None, 

4=Other 

21. Apart from Your Government who helps on issues to do with water management 

at your irrigation scheme? [-------] 1= World Vision International, 2= United 

Purpose, 3= CADECOM, 4= Other 

22. As a Potato producer under irrigation, what kind of help would you need from the 

Government? [---------------] 1= Grants in form of fixed assets 2= Grants in form 

of Variable assets, 3=Soft Loans, 4= other 
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23. As a Potato producer under irrigation, what kind of help would you need from the 

Agricultural extension workers? [---------------] 1= New knowledge 2= Frequent 

field backstopping, 3=Linking farmers to markets, 4= other 

24. What new knowledge have you gained (if any)? [--------------------------------------

--------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------] 

Thank you for your cooperation 

APPENDIX C2: FOCUS GROUP DISCUSSION GUIDE 

Focus Group Discussion Guide —Farmers groups group members Instructions: This FGD 

will be conducted with 6 to 12 participants who are members of a farmers group targeted 

for irrigation. 

 Introduction: Thank you for the opportunity to speak with you. I am a student doing a 

study on deficit irrigation, interested in learning more about irrigation agriculture in this 

area. I assure you that all the information that will be provided by you will be used 

exclusively for the study and analysis. The session will be recorded but all responses will 

appear anonymously. This is not a test, and there are no right or wrong answers. The most 

important thing is that you should feel comfortable and contribute as much as you can. 

You can express opinions and discuss issues freely. 

Background information on participants  

For each participant of the FGD, please take down the following information in your 

notebook  

1. Name 

2. Age  

3. How long have you been a  WUA member 

4. Ever grown potato? [Y or N] 
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5. Grew potato in the last cropping season OR currently considering to start growing 

potato? [Y or N] 

6. If growing potato, for how long? 7. Are you a household head? [Y or N] 

Strengths and weaknesses of the current irrigation strategies 

1. What are the strengths of gravity-fed canal irrigation strategy? 

2. What are the weaknesses of gravity-fed canal irrigation strategy? 

3. What are the strengths of water can/bucket irrigation strategy? 

4. What are the weaknesses of the water can/bucket irrigation strategy? 

5. What are the strength of the bound basin irrigation strategy? 

6. What are the weaknesses of the bound basin irrigation strategy? 

7. What are the strengths of the treadle pump irrigation strategy? 

8. What are the weaknesses of the treadle pump irrigation strategy? 

9. What are the strengths of the motorized pump irrigation strategy? 

10. What are the weaknesses of the treadle pump irrigation strategy? 

11. What are the strengths of the solar pump irrigation strategy? 

12. What are the weaknesses of the solar pump irrigation strategy? 
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APPENDIX D: INVOICE FOR SOIL ANALYSIS 

 

 

Invoice # 25 
 

   

 Date: 25/08/2022   

 Bill To  For  

 

Ms Aina Chikankheni | Agriculture Officer, MoAFS. 

Phone: +265 885 31 33 88 
 

Soil Analytical 

Service  
 Item Description Amount  

 
27 soil samples analysed for %MC @ K510.00 per sample MWK 8,100.00 

 

 
27 soil samples analysed for pH @ K850.00 per sample MWK 13,500.00  

 
27 soil samples analysed for EC @ K850.00 per sample MWK 13,500.00  

 
27 soil samples analysed for BD @ K1360.00 per sample MWK 21,600.00  

 
27 soil samples analysed for PD @ K1360.00 per sample MWK 21,600.00  

 

27 soil samples analysed for FC & WP @ K2000.00 per 

sample 
MWK 40,500.00  

 
27 soil samples analysed for N @ K2040.00 per sample MWK 32,400.00  

 
27 soil samples analysed for NH4 @ K2040.00 per sample MWK 32,400.00  

 
Subtotal MWK 183,600.00 

 

 
Total Cost MWK 183,600.00 

 

 Make all checks payable to Company Name   

 

If you have any questions concerning this invoice, use the following contact 

information:  

 

 

Mr. E. C. Mbewe, Phone Number: +265 995 42 50 00, Email: 

embewe@luanar.ac.mw 
 

  

 Thank you for your business!   

Crop and Soil Sciences Department 

P. O. Box 219, Lilongwe,  
Phone Number: +265 1 277 420 | Fax Number: +265 1 277 364 
Account Name: Crop Science Department. Bank: Standard 
Account Number: 9100002714563. Brach: Lilongwe  
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APPENDIX E: PUBLISHED PAPER 
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